1. Introduction {#s0005}
===============

Peroxiredoxin (PRDX)s are thiol-specific antioxidant enzymes that reduce various cellular peroxide substrates using cysteine-containing active sites ([@bb0265], [@bb1100], [@bb1105]). PRDXs refer to a family of small (22--27 kDa) non-seleno peroxidases currently known to possess six isozymes, namely, PRDX1--6 in mammalian systems ([@bb0070], [@bb1105]). These proteins contain either one (1-Cys PRDX) or two (2-Cys PRDX) redox-active cysteine residues ([@bb0905], [@bb1105]). The 2-Cys group includes PRDX1 to PRDX5, whereas PRDX6 is the sole member of the 1-Cys group ([@bb0395], [@bb0865]). Despite this difference, peroxidase activities of both 1-Cys and 2-Cys groups commonly contribute to cellular protection against oxidative stress ([@bb0205], [@bb0685]). During reaction with oxidant substrates, the cys-residues of PRDXs are oxidized ([@bb0135], [@bb0900]). Thioredoxin (Trx) provides the electron for reducing the oxidized PRDX1-5, whereas glutathione is likely to be employed to reduce the oxidized PRDX6 ([@bb0815], [@bb1010]). Peroxiredoxins (PRDXs) are a ubiquitous family of antioxidant enzymes, known to catalyze peroxide reduction to balance cellular hydrogen peroxide (H~2~O~2~) levels, which is essential for cell signaling and metabolism and act as a regulator of redox signaling ([@bb0130], [@bb0795]). Redox signaling is a critical component of cell signaling pathways that are involved in the regulation of cell growth, metabolism, hormone signaling, immune regulation and a variety of other physiological functions ([@bb0675], [@bb0920], [@bb1005]). Therefore, PRDXs are involved in the regulation of cell proliferation, apoptosis, embryonic development, lipid metabolism and immune responses.

PRDXs are involved in particular pathological condition. PRDX isoforms can be considered good therapeutic targets in several cancers such as lung cancer ([@bb0450], [@bb0500], [@bb0950], [@bb1075]), glioblastoma ([@bb0210], [@bb0480]), colorectal cancer ([@bb0635], [@bb0640], [@bb0955]), prostate cancer ([@bb0875], [@bb1015]) and ovarian cancer ([@bb0180], [@bb1060]) where they protect tumor cells, PRDXs are involved in a variety of signaling pathways such as NF-κB signaling pathway, STAT3 pathway, wnt/β-catenin pathway and MAPK kinase pathways ([@bb0045], [@bb0450], [@bb0640], [@bb0885], [@bb1170], [@bb1185], [@bb1195]) that are involved in cancer development. So, PRDXs can be explored as therapeutic targets as well as therapeutic tools depending on their role in particular pathological conditions. Several studies have suggested that PRDXs are related with the development of neurodegenerative diseases. PRDXs are involved in neurodegenerative diseases such as AD and PD that are regulated by oxidative stress and redox signaling ([@bb0185], [@bb1175]). PRDXs have distinct functional roles in the brain and provide differential contributions to neuropathologic conditions. The expression patterns of PRDXs are in fact highly variable in different regions of the brain during neurodegenerative disease processes ([@bb0330]). Given that oxidative damage is involved in the pathogenesis of neurodegenerative diseases, the alteration in PRDX expression would appear to be primarily a consequence of cellular resistance to the oxidative damage. PRDXs are also important regulators of inflammatory diseases such as obesity ([@bb0380], [@bb0710]), atherosclerosis ([@bb0315], [@bb0780]) and rheumatoid arthritis (RA) ([@bb0505], [@bb0985]). Inflammation is a complex biological self-defense reaction triggered by tissue damage or infection by pathogens. Redox-regulated transcription factors and protein kinases play important roles in the regulation of inflammation. NF-κB is a well-characterized redox-sensitive transcription factor important in the initiation and progression of inflammation through the production of various cytokines and prostaglandins. PRDXs induce NF-κB activation that is important for the expression of inflammatory proteins ([@bb0495], [@bb0490], [@bb0885]). Also, PRDXs are secreted from cells under mild oxidative stress binds Toll-like receptor 4, suggesting that PRDXs are involved in inflammation related disease ([@bb0570], [@bb0880], [@bb0935]).

Although several studies of PRDXs have been published, a comprehensive review of the various features and functions of PRDXs is lacking. In this review article, we will discuss recent findings regarding PRDXs in the development of several diseases and therapeutic approaches.

2. PRDXs {#s0010}
========

2.1. Structure of PRDXs {#s0015}
-----------------------

Based on its conserved cysteine residues and their catalytic mechanisms, mammalian PRDXs can be divided into three subgroup, namely typical 2-Cys, atypical 2-Cys, and 1-Cys PRDXs. PRDX1-4 belong to typical 2-Cys and PRDX5 belongs to atypical 2-Cys group, within which all members contain two conserved cysteine residues. PRDX6 belongs to 1-Cys PRDXs subgroup in which one cysteine residue is conserved. Moreover, another subgroup named PRDX-Q was extensively found in plants, which also contains two cysteine residues. These structures reveal PRDXs to be very similar, each containing a thioredoxin fold with a few additional secondary-structure elements present as insertions. The most striking differences involve their oligomeric states. The atypical 2-Cys PRDXs are monomeric enzymes, whereas both the typical 2-Cys and the 1-Cys PRDXs are domain-swapped homodimers in which the C terminus of one subunit reaches across the dimer interface to interact with the other subunit ([@bb0350], [@bb0905], [@bb1105]). In the typical 2-Cys PRDXs, the resolving cysteine is located in the C-terminal arm. Three of the typical 2-Cys PRDXs crystallized as toroid-shaped complexes consisting of a pentameric arrangement of dimers ((a2)^5^ decamer), consistent with observations that 2-Cys PRDX dimers can form discrete higher-order oligomers ([@bb0525]). AhpC from Amphibacillus xylanus, another 2-Cys PRDX, also crystallizes as an (a2)^5^ decamer, although no crystal structure for this enzyme has been reported. The structure and sequence of the peroxidatic active site is highly conserved among the PRDX classes ([@bb0720]).

2.2. General functions of PRDXs {#s0020}
-------------------------------

PRDXs contain an active site cysteine that is sensitive to oxidation by H~2~O~2~. Mammalian cells express six PRDX isoforms that are localized to various cellular compartments. The oxidized active site cysteine of PRDX can be reduced by a cellular thiol, thus enabling PRDX to function as a locally constrained peroxidase ([@bb0870]). Regulation of PRDX via phosphorylation in response to extracellular signals allows the local accumulation of H~2~O~2~ and thereby enables its messenger function ([@bb0870], [@bb1095]). The fact that the oxidation state of the active site cysteine of PRDX can be transferred to other proteins that are less intrinsically susceptible to H~2~O~2~ also allows PRDX to function as an H~2~O~2~ sensor. PRDXs are a ubiquitous family of antioxidant enzymes, known to catalyze peroxide reduction to balance cellular H~2~O~2~ levels, which is essential for cell signaling and metabolism. The general function and mechanism of action of the PRDX redox system is in [Fig. 1](#f0005){ref-type="fig"} .Fig. 1**General functions of PRDXs.** Mechanism of action of the PRDX redox system. PRDXs scavenge H~2~O~2~ and become oxidized and inactive. PRDXs use the SH groups as reducing equivalents. This inactivation is reversed by the thioredoxin (Trx)-Trx reductase (TrxR) system that uses NADPH as reducing equivalents. Reduced Trx catalyzes the reduction of disulphides (s-s) within oxidized PRDXs. The oxidized form of PRDXs can then be recycled back to its reduced form by Trx. Further thiol oxidation of PRDXs by higher levels of H~2~O~2~ radically inactivates the target proteins allowing H~2~O~2~ levels to increase in the cell and to trigger the H~2~O~2~-dependent signaling. This inactivation is transient to avoid toxic effects by high levels of H~2~O~2~.Fig. 1

PRDX1 is a multifunctional protein originally identified as an intracellular scavenger of H~2~O~2~ ([@bb1150]). It has been also shown to act as a molecular chaperone with the ability to modulate the actions of numerous molecules, a regulator of transcription, or as an immunomodulator ([@bb0425], [@bb0750], [@bb0785], [@bb1045]). PRDX1 is involved in redox regulation of the cells and reduces peroxides with reducing equivalents provided through the Trx system but not from glutaredoxin ([@bb0595], [@bb0730]). The Trx system is comprised of NADPH, Trx and TrxR, and forms the Trx peroxidase system with PRDXs, and reduces peroxides by NADPH ([@bb1070]). PRDX1 is involved in this system. PRDX1 gene is mapped on chromosome 1p34.1 and is a member of the peroxiredoxin family that contains a consensus site (Thr(90)-Pro-Lys-Lys) for phosphorylation by cyclin dependent kinases ([@bb0095], [@bb0290]). PRDX1 is phosphorylated on Thr-90 during the M-phase, which leads to a more than 80% decrease in enzymatic activity through the Trx system ([@bb0420], [@bb0725]). PRDX1 is implicated in redox regulation of the cell and plays an important role in eliminating peroxides produced during metabolism that participates in the signaling of growth factors and tumor necrosis factor-alpha (TNF-α) through regulating the intracellular concentrations of H~2~O~2~ ([@bb0415], [@bb0620]). PRDX1 is overexpressed in several cancer cells including esophageal, pancreatic, lung, thyroid and oral cancer ([@bb0300], [@bb0435], [@bb0440], [@bb0995], [@bb1135], [@bb1210], [@bb1220]). Concentrated PRDX1 can be secreted by non-small cell lung cancer cells via unusual pathway ([@bb0100]).

PRDX2 has a high reactivity for H~2~O~2~. An active Cys on one PRDX2 subunit forms a disulphide bond with the other subunit in the presence of H~2~O~2~ ([@bb0545], [@bb0800]). PRDX2 appears to modulate growth factors and the tumor necrosis factor-alpha-mediated signaling pathway  *via*  modulating endogenous H~2~O~2~ signaling ([@bb1230]). When PRDX2 reacts with peroxide, the peroxidatic cysteine at the active site on one subunit is oxidized to a sulfenic acid ([@bb0630]). Through the reduction process of disulphide by Trx, PRDX2 is regenerated and completes the cycle and Trx is in turn regenerated by thioredoxin reductase (TrxR), with reducing equivalents derived from NADPH ([@bb0630]). PRDX2 reduces hydrogen peroxide and alkyl hydroperoxides involved in cell protection and antiviral activity through the Trx system ([@bb0810], [@bb0945], [@bb1070]). PRDX2 acts as a H~2~O~2~ signal receptor and transmitter in transcription factor redox regulation. PRDX2 forms a redox relay with the transcription factor STAT3 in which oxidative equivalents flow from PRDX2 to STAT3, and the redox relay generates disulphide-linked STAT3 oligomers with attenuated transcriptional activity. Cytokine-induced STAT3 signaling is accompanied by PRDX2 and STAT3 oxidation and is modulated by PRDX2 expression levels ([@bb0945]). Moon et al demonstrated that PRDX2 inhibits general immune cell responsiveness, which may be regulated by scavenging low levels of reactive oxygen species (ROS) ([@bb0690]). PRDX2 also enhances the activation of platelet-derived growth factor (PDGF) receptor and phospholipase Cγ1 in PDGF signaling via the modulation of H~2~O~2~ ([@bb0155]).

PRDX3 (MER-5, SP22, AOP-1) is known as c-myc, miR-383 and miR-23b target gene and is required for mitochondrial homoeostasis and neoplastic transformation (Pablo et al., 2009; [@bb1090]). PRDX3 contains a mitochondrial localization sequence, which is found exclusively in the mitochondrion, comprises 5% of the total mitochondrial matrix, and uses mitochondrial Trx2 as the electron donor for its peroxidase activity ([@bb0305]). PRDX3 has been known to eliminate approximately 90% of mitochondrial H~2~O~2~ and plays a key role in mitochondrial redox regulation ([@bb0085]). The overexpression of PRDX3 has been shown to protect cells from oxidative stress and apoptosis, and knockout studies show an increase in intracellular ROS levels and oxidative stress ([@bb0700], [@bb0745]). PRDX3 protects radical-sensitive enzymes from oxidative damage by a radical-generating system, and acts synergistically with MAP3K13 to regulate the activation of NF-kappa-B in the cytosol ([@bb0615]). PRDX3 is involved in the regulation of cellular proliferation, differentiation and antioxidant functions that has been localized in the mitochondria ([@bb0380], [@bb0960]). Increased expression of PRDX3 was found to be associated with hormonal receptors (estrogen receptor and progesterone receptor) ([@bb0470]).

PRDX4 (AOE372, TRANK) is a ubiquitously expressed member of the peroxiredoxin family that is mainly localized in the endoplasmic reticulum (ER), but is also present in the cytosol, lysosome, nucleus, or secreted ([@bb0600]). PRDX4 plays an essential role in the redox balance in the ER. The Cysteine residue of PRDX4 is first oxidized to sulfenic acid form and then forms intermolecular disulphide bond with another PRDX molecule, which can be reversed by the reducing activity of the Trx-Trx reductase system ([@bb0670], [@bb1000]). Under oxidative stress conditions, however, the Cysteine of PRDX4 undergoes further oxidation to sulfinic/sulfonic acid forms which can only be reduced by sulfiredoxin (Srx) ([@bb0430]). The hyperoxidized form of PRDX4 loses its antioxidant property but may function as molecular chaperone to facilitate protein folding ([@bb0860], [@bb1235]). PRDX4 diminishes oxidative stress by reducing hydrogen peroxide to water in a thiol-dependent catalytic cycle ([@bb0910]) and has been linked to the regulation of the key pro-inflammatory transcription factor, NF-κB in the cytosol by a modulation of IκB-α phosphorylation ([@bb0325], [@bb0445]). PRDX4 is abundantly expressed in the pancreas, liver and heart, while the lowest expression in blood leukocytes and the brain ([@bb0910]).

PRDX5 (ACR1, PMP20 or AOEB166) is an antioxidant enzyme implicated as a protective role against oxidative stress through reduction of hydrogen peroxide and alkyl hydroperoxides with reducing equivalents provided through the Trx system and is involved in intracellular redox signaling ([@bb0535]). PRDX5 is a thiol peroxidase that reduces H~2~O~2~ 10^5^ times faster than free cysteine that shows hydrogen bonds in the active sites (Stephanie et al., 2014). The PRDX5 gene is mapped on chromosome on 11q13.1 that displays mitochondrial presequence and 3 cysteines involved in antioxidant activity with C-terminal peroxisomal sequence ([@bb0535], [@bb0735]). PRDX5 interacts with peroxisome receptor 1 which uses translation initiation sites to produce mitochondrial forms. PRDX5 acts as an antioxidant on different tissues under normal conditions and inflammatory processes through Trx system. The analysis of the 5'-flanking region of human PRDX5 revealed the presence of several putative response elements for transcription factors involved in the response of mammalian cells to oxidative stress such as Nrf2 or NF-κB ([@bb0565], [@bb0735]). PRDX5 expression is highly increased in vitro in primary macrophages exposed to lipopolysaccharide (LPS) and IFN-γ ([@bb0005], [@bb0225]). Downstream of the LPS/TLR pathway, p38 and c-Jun N-terminal kinase (JNK) were shown also to be major contributors to PRDX5 up-regulation ([@bb0225]).

PRDX6 belongs to the ahpC/TSA family and contains 1 Trx domain ([@bb0820]). Among the six mammalian members of PRDX, PRDX6 has a unique property as a bifunctional enzyme that has glutathione peroxidase and iPLA2 activities ([@bb0270]). PRDX6 involved in redox regulation of the cell can reduce H~2~O~2~ and short chain organic, fatty acid, and phospholipid hydroperoxides ([@bb0270]). PRDX6 plays a role in the regulation of phospholipid turnover as well as in protection against oxidative injury ([@bb1040]). Site directed mutation analysis has clearly shown that activities of PRDX6 require two distinct active sites, namely, a Cys 47-dependent peroxidase activity and a Ser 32-dependent iPLA2 activity ([@bb0120]). iPLA2 catalyzes the hydrolysis of the sn-2 fatty acyl ester bond of glycerophospholipides to produce free fatty acids and lysophospholipids ([@bb0665], [@bb0925]). PRDX6 prefers phosphatidylcholines as substrates, particularly those with arachidonic acid (AA) or palmitic acid at the sn-2 position ([@bb0120], [@bb0655]). The ability of PRDX6 to release AA seems important, given the crucial role of AA in phospholipid metabolism and cell signaling ([@bb0360]). PRDX6 also protects cells via reducing peroxidazed membrane phospholipids and return to the cytosolic compartment ([@bb1035]). General properties of peroxiredoxin isoforms are briefly summarized in [Table 1](#t0005){ref-type="table"} , and the cellular localization and the roles of PRDXs are in [Fig. 2](#f0010){ref-type="fig"} .Table 1Properties of peroxiredoxin isoforms.Table 1PRDX1-4PRDX5PRDX6Class2-cysAtypical 2-cys1-cysThioredoxin fold superfamilyYesYesYesStructure of disulphide bondHomodimerMonomerHeterodimerReductantTrxTrxGSHPLOOH as substrateNoNoYesPLA2 activityNoNoYes[^1]Fig. 2**Cellular localization and roles of PRDXs.** Tyrosine residue of PRDX1 is phosphorylated, which causes the transient inactivation of peroxidase activity. As a result, a local accumulation of H~2~O~2~ occurs and sustains phosphorylation signaling from tyrosine kinase for the growth factor receptor via the oxidative inactivation of phosphotyrosine phosphatases. Consequently the cell growth proceeds for a prolonged period as the result of the elevated H~2~O~2~ during the inactivation of PRDX1. PRDX2 is localized in the cytosol and scavenges ROS in the cytosol and blocks Bax mediated cell death by inhibition of cellular apoptosis. PRDX3 is localized in the mitochondria. PRDX3 reduces H~2~O~2~ level and protects cells from oxidative damages. PRDX4 possesses a hydrophobic N-terminal signal peptide that leads to its secretion from cells and predominant localization in the ER. PRDX5 reduces H~2~O~2~ and alkyl hydroperoxides that acts as antioxidant on different tissues under normal conditions and inflammatory processes through Trx system in peroxisomes. PRDX6 involved in redox regulation of the cell and can reduce H~2~O~2~ and short chain organic, fatty acid, and phospholipid hydroperoxides. PRDX6 plays a role in the regulation of phospholipid turnover as well as in the protection against oxidative injury.Fig. 2

2.3. Regulation of PRDXs expression {#s0025}
-----------------------------------

General regulatory pathway of PRDX expression is in [Fig. 3](#f0015){ref-type="fig"} . PRDXs are regulated at multiple levels, including both transcriptional regulation and post-translational modifications ([@bb0530], [@bb0890]). PRDX1 peroxidase activity is regulated by Pin1. Pin1 facilitates the protein phosphatase 2A-mediated dephosphorylation of PRDX1, which helps to explain the accumulation of the inactive phosphorylated form of PRDX1 in Pin1^-/-^ MEFs ([@bb0170]). PRDX2 is silenced by a decreased histone H3 acetylation and DNA hypermethylation in AML ([@bb0020]). A recent study also demonstrated a critical role for Foxo3a in regulating the gene expression of PRDX3 in human cardiac fibroblasts ([@bb0145]). In the promoter of human PRDX5 gene, the binding sites for both nuclear respiratory factor 1 and nuclear respiratory factor 2 have been predicted ([@bb0565]). Increased transcription of PRDX6 has been reported to be mediated by Nrf2 via an antioxidant response element-driven mechanism ([@bb0165]). The MAPKs can mediate phosphorylation of PRDX6 at Thr-177 with a consequent marked increase in its aiPLA~2~ activity ([@bb1115]). SP-A and PRDX6 directly interact, which provides a mechanism for regulation of the aiPLA~2~ activity of PRDX6 by SP-A ([@bb1120]). Recent findings suggest that Fkbp52 deficiency diminishes the threshold against OS by reducing PRDX6 levels ([@bb0345]). A recent study also suggested that 67 (phox) binds to phospho-PRDX6 and inhibits its PLA2 activity, an interaction that could function to terminate the PLA~2~-mediated NOX2 activation signal ([@bb0560]). Moreover, the expression of PRDXs is induced by several factors. PRDX1 is also detected in mouse body fluids, and the secretion of PRDX1 from cultured cells was enhanced following the treatment with cytokines such as TGF-β, oncostatin M and IL1-β ([@bb0400]). Another recent study showed PRDX1 and PRDX2 can be secreted from cells as disulphide homodimers in association with exosomes following stimulation by LPS or TNF-α ([@bb0705]). PRDX1 is up-regulated in cells under oxidative stress conditions. The transcription factor Nrf2 and its inhibitor Keap1 play an essential role in the regulation of the stress-induced PRDX1 gene activation through the antioxidant/electrophile response element (ARE/EpRE) ([@bb0990]). The expression levels of PRDX2 and PRDX3 are also up-regulated under oxidative stress conditions ([@bb0970]). PRDX6 is an oxidative stress inducible protein regulated by Nrf2 and activation of the gene expression was observed in mouse lungs by hyperoxia and in cultured lung epithelial cells following treatment with H~2~O~2~ or paraquat ([@bb0165]). In addition to oxidative stress, keratinocyte growth factor also regulates PRDX6 gene expression ([@bb0160]). PRDX6 expression is down regulated upon serum deprivation and subsequently induced in a time-dependent manner in response to KGF, dexamethasone and H~2~O~2~ ([@bb0275]). TNF-α regulates the expression of PRDX6 to influence neuroplasticity ([@bb1215]).Fig. 3**General regulatory pathway of PRDX expression.** Nrf2 induces the expression of PRDXs in response to oxidative and electrophilic stresses. Under unstressed conditions, Nrf2 is degraded via the ubiquitin (Ub)--proteasome pathway in a Keap1-dependent manner. The Keap1 homodimer binds a single Nrf2 molecule through two-site binding utilizing the DLG and ETGE motifs. When Nrf2 inducers inactivate Keap1 via the modification of cysteine residues (Cys) under oxidative stress and electrophiles modified condition, Nrf2 is stabilized, and de novo synthesized Nrf2 translocates into the nucleus. Nrf2 heterodimerizes with small Maf proteins (sMaf) and activates the expression of target genes including PRDXs through antioxidant response elements (AREs), exerting cytoprotective effects against various diseases and toxic insults. Phosphorylation of Nrf2 by various kinases has also been implicated in the liberation, stability, and trans-activation of Nrf2.Fig. 3

3. PRDXs and cancer {#s0030}
===================

Diseases involved in abnormal inflammatory and metabolic processes, such as cardiovascular dysfunction, cancer, diabetes mellitus and neurodegeneration, often involve abnormal control of ROS ([@bb0850]). The hyperproliferative property of cancer cells is known to be associated with increased production of intracellular ROS ([@bb0060]). Also, cancer cells contain large numbers of abnormal mitochondria and produce large amounts of ROS ([@bb0960]). In cancer cells, key mitochondrial regulators of cell death and other processes are often altered ([@bb0295]). Mitochondria of cancer cells differ structurally and functionally from their normal-cell counterparts ([@bb0295], [@bb0680]). Increased mitochondrial ROS generation and the disturbance of PRDX production in cancer cells may lead to oxidative stress and the induction of apoptosis ([@bb0960]). The PRDX system is a cellular defense system against oxidative stress ([@bb0830]). As PRDXs are antioxidants, they scavenge the H~2~O~2~ in cancer cells and they support survival and tumor maintenance by protecting cells from oxidative stress-induced apoptosis ([@bb0110]).

3.1. Roles of PRDXs in the cancer development {#s0035}
---------------------------------------------

Several studies have shown that overexpression of PRDXs inhibits the development of cancer or promotes growth of cancers. In this review, we divided the role of PRDXs by benefit and non-benefit roles in several cancers. The relationship between cancer development and PRDXs is summarized in [Table 2](#t0010){ref-type="table"} .Table 2Summary of function and phylogenetic distribution of PRDX subfamily in different cancer typesTable 2PRDX typeCancer typeEffectsResultsMechanismsReferencePRDX1Breast cancerAnti-tumor effectSuppress the tumor-PRDX1 interacts with the c-Myc oncogene and suppresses its transcriptional activity\
-PRDX1 protects the tumor suppressive function of PTEN phosphatase[@bb0245];\
[@bb0055]Tumor promoting effectEnhance the risk of cancer-PRDX1 increases risk of local recurrence after radiotherapy\
-PRDX1 enhances the transactivation potential of NF-κB in ER-deficient breast cancer cells[@bb0750]Oral squamous cell carcinomaTumor promoting effectPromotes cancer-PRDX1 induces hypoxia of oral cancer\
-PRDX1 upregulates hemeoxygenase 1 and activates NF-κB pathway[@bb1140], [@bb1145]Bladder cancerTumor promoting effectIncrease the proliferation of cancer cells-PRDX1 regulates the cell cycle by upregulation of phosphorylation of NF-κB subunit[@bb0845]Lung cancerTumor promoting effectPromotes tumorigenesis and enhance the drug resistance-PRDX1 promotes Lung cancer progression\
- PRDX1 enhances radiotherapy resistance and drug resistance through suppression of FOXO1 induced apoptosis[@bb0385], [@bb0440], [@bb0435]Esophageal squamous cell carcinomaTumor promoting effectPromotes tumorigenesisPRDX1 activates mTOR/p70S6K pathway[@bb0300]Prostate cancerTumor promoting effectPromotes cancerPRDX1 interacts with androgen receptor and enhances its transactivation[@bb0140], [@bb0785]Hepatocellular carcinomaTumor promoting effectPromotes the angiogenesisPRDX1 expression is correlated with angiogenesis factors such as VEGF expression and microvesel density[@bb0980]Pancreatic cancerTumor promoting effectPromotes the angiogenesisPRDX1 upregulates pancreatic cancer invasion by modulating p38 MAPK signaling[@bb0995]PRDX2Colorectal carcinomaTumor promoting effectPromotes tumorigenesis-PRDX2 promotes cell growth and inhibit apoptosis\
-PRDX2 upregulates Wnt/β-catenin pathway[@bb0635], [@bb0640]Prostate cancerTumor promoting effectPromotes cancerPRDX2 regulates the AR activity and involved in the proliferation of AR-expressing prostate cancer cells[@bb0940]Breast cancerTumor promoting effectEnhance the drug resistancePRDX2 increases the drug resistance[@bb1050], [@bb1030]PRDX3Breast cancerTumor promoting effectIncrease the proliferation of cancer cellsPRDX3 regulates cell cycle and cell proliferation[@bb0175]Prostate cancerTumor promoting effectEnhance the risk of cancerPRDX3 is upregulated in antiandrogen-resistant tumours and increases resistance to oxidative stress and pro-apoptotic pathway[@bb1085]Cervical carcinomaTumor promoting effectIncrease the proliferation of cancer cellsPRDX3 is increased in cervical carcinoma consistent with cell proliferation marker, ki-67[@bb0370]ThymomaTumor promoting effectEnhance the drug resistancePRDX3 enhances drug resistant role against drug induced oxidative stress[@bb0745]Hepatocellular carcinomaTumor promoting effectEnhance the risk and promotes tumorigenesis-PRDX3 increases the cell proliferation and inhibits apoptosis\
-PRDX3 is involved in chemotherapeutic resistance[@bb1050], [@bb1030]Ovarian cancerTumor promoting effectEnhance the drug resistance-PRDX3 inhibits cisplatin induced apoptosis by down regulation of proapoptotic proteins and upregulation of NF-κB pathway[@bb1060]PRDX4Lung cancerTumor promoting effectPromotes tumorigenesisPRDX4 binds with Srx and the Srx-PRDX4 axis contributes the maintenance of lung tumor phenotype by AP-1 and MAPK signaling pathway[@bb1075]LeukemiaTumor promoting effectEnhance the risk of cancerPRDX4 promotes signal transduction from a myeloid growth factor receptor[@bb1200]glioblastomaTumor promoting effectEnhance the risk and promotes tumorigenesisPRDX4 increases the cell growth and radiation or drug-resistance[@bb0510]Oral cavity squamous cell carcinomaTumor promoting effectPromotes the metastasisPRDX4 increases cell migration and/or metastasis[@bb0075], [@bb0080]Colorectal cancerTumor promoting effectPromotes the metastasisPRDX4 expression is correlated with depth of invasion and lymph node metastasis[@bb1165]PRDX5Breast cancerAnti-tumor effectProtect from breast cancer-PRDX5 expression is downregulated in tumor samples obtained from Sudanese breast cancer patients\
-PRDX5 expression via DNA binding factor (GATA1) repression increases protective function in breast cancer cells[@bb0255]\
[@bb0915]Grave's diseaseTumor promoting effectPromotes the diseasePRDX5 expression is directly correlated with the functional status of epithelial cells[@bb0285]PRDX6Ovarian cancerTumor promoting effectEnhance the drug resistancePRDX5 attenuates cisplatin induced apoptosis[@bb0760]Liver cancerTumor promoting effectPromotes tumorigenesisPRDX6 reduces peroxide-induced cell death[@bb0250]Lung cancerTumor promoting effectPromotes lung tumor development-PRDX6 promotes lung tumor development via its mediated and CCL5-associated activation of the JAK2/STAT3 pathway.\
-PRDX6 promotes lung tumor progression via its GPx and iPLA2 activities.\
-PRDX6 promotes invasion and metastasis of lung cancer cells.\
-PRDX6 promotes lung cancer cell invasion by inducing urokinase-type plasminogen activator via p38 kinase, phosphoinositide 3-kinase, and Akt[@bb0355], [@bb0450], [@bb1180], [@bb1190], [@bb1170], [@bb1185], [@bb1195]Gastric cancerTumor promoting effectPromotes the metastasis and enhance the drug resistance-PRDX6 is highly upregulated in metastatic gastric cancer cells, which are relatively resistant to TRAIL as compared with primary cancer cells.[@bb0150]Breast cancerTumor promoting effectPromotes the metastasis-PRDX6 leads to a more invasive phenotype and metastatic potential in human breast cancer through regulation of the level of uPAR, Est-1, MMP-9, RhoC and TIMP-2 expression.[@bb0105]

### 3.1.1. Dual function of PRDX1 in cancer {#s0040}

First, the anti-tumor effect of PRDX1 is well established in breast cancers. Several evidences suggest that PRDX1 may act as a tumor suppressor in breast cancer. PRDX1 interacts with the c-Myc oncogene and suppresses its transcriptional activity ([@bb0245]). Cao et al. demonstrated that PRDX1 protects the tumor suppressive function of PTEN phosphatase, likely due to the presence of a ROS sensitive cysteine in the catalytic domain, and reduces predisposition of genetically modified mice to develop Ras-induced mammary tumors ([@bb0055]). PRDX1-deficient mice suffer from shortened survival due to the development of hemolytic anemia and multiple tumors, including mammary carcinomas ([@bb0730]). These studies suggest that the breast tumor suppressive role of PRDX1 is mediated via c-Myc or PTEN pathways.

Next, the tumor promoting effect of PRDX1 is well established in breast cancer, oral squamous cell carcinoma, bladder cancer, lung cancer, prostate cancer, hepatocellular carcinoma, esophageal squamous cell carcinoma and pancreatic cancer. The role of PRDX1 in breast cancer has been controversial. Recent studies have shown that overexpression of PRDX1 mRNA in human breast carcinoma is associated with higher tumor grade ([@bb0065]), and high expression of cytoplasmic PRDX1 protein correlated with an increased risk of local recurrence after radiotherapy ([@bb1110]). PRDX1 enhances p65-mediated cyclooxygenase (COX)-2 gene expression in estrogen receptor (ER) deficient human breast cancer cells (MDA-MB-231), and knockdown of PRDX1 can attenuate COX-2 expression by reducing the occupancy of NF-κB transactivation potential of NF-κB in ER-deficient-breast cancer cells ([@bb1045]). PRDX1 is also overexpressed in oral squamous cell carcinoma ([@bb1145]). A recent study provides experimental evidence that overexpression of PRDX1 is involved in oral carcinogenesis by upregulation of hemeoxygenase 1 and activation of NF-κB pathway ([@bb1205]). PRDX1 is also related with bladder cancer. PRDX1 is highly expressed in bladder cancer tissues than in the bladder mucosa of normal controls or in normal mucosa surrounding cancer tissues ([@bb0845]). Jiang et al showed that PRDX1 silencing by transfection of PRDX1 shRNA significantly suppressed growth, promoted apoptosis and regulated the cell cycle in bladder cancer cells and reduced the phospho-NF-κB p50 and p65 protein expression suggesting that PRDX1 is related with bladder cancers by regulation of phosphorylation of NF-κB subunit ([@bb0440]). PRDX1 is also related with lung cancer. Abnormal up-regulation of PRDX1 by environmental redox change leads to lung cancer progression and radiotherapy resistance by controlling critical molecules ([@bb0500]). Another recent study suggested that down-regulation of PRDX1 significantly inhibited tumor growth and reduced the incidence of spontaneous pulmonary metastasis ([@bb0125]). PRDX1 provides resistance to docetaxel treatment through the suppression of FOXO1-induced apoptosis in A549 xenograft tumors, suggesting PRDX1 may be an attractive target in the development of more effective docetaxel-based therapies in lung cancer treatment ([@bb0385]). PRDX1 is also related with prostate cancer. PRDX1 interacts with the androgen receptor and enhances its transactivation that plays a critical role in prostate cancer ([@bb0785]). One previous study reported that hypoxia increases AR activity in prostate cancer cells, and that PRDX1, which is up-regulated by hypoxia, interacts with AR to enhance the expression of androgen-regulated genes ([@bb0140], [@bb0770]). PRDX1 is highly expressed in hepatocellular carcinoma. PRDX1-positive rate was significantly higher in hepatocellular carcinoma than in adjacent non-tumorous liver tissues ([@bb0980]). Actually, PRDX1 immunoreactivity was positively correlated with tumor vascular endothelial growth factor (VEGF) expression and microvessel density ([@bb0980]). PRDX1 expression was significantly associated with tumor size, microvascular invasion, Edmondson grade, tumor capsula status, serum AFP, and tumor-node-metastasis stage ([@bb0980]). PRDX1 is involved in esophageal squamous cell carcinoma tumorigenesis through regulation of the mTOR/p70S6K pathway ([@bb0300]). PRDX1 is also significantly increased in pancreatic cancer by upregulation of angiogenesis ([@bb0050]). These studies indicate that PRDX1 has a tumor promoting effect through NF-κB pathway, FOXO1 mediated pathway and mTOR/p70S6K pathway in breast cancer, oral squamous cell carcinoma, bladder cancer, lung cancer, prostate cancer, hepatocellular carcinoma, esophageal squamous cell carcinoma and pancreatic cancer, which suggest that PRDX1 is a potential therapeutic target in these cancer types.

### 3.1.2. Tumor promoting effect of PRDX2 {#s0045}

The tumor promoting effect of PRDX2 is well established in colorectal carcinoma, prostate cancer, breast cancer and cervical cancer. PRDX2 is overexpressed in colorectal carcinoma tissues compared with the matched non-cancer colorectal mucosa tissues and that expression is positively associated with tumor metastasis and the TNM stage by regulation of oxidation induced apoptosis ([@bb0635]). Other researchers also demonstrated that PRDX2 knockdown using a lentiviral vector-mediated specific shRNA inhibited cell growth, stimulated apoptosis, and augmented the production of endogenous ROS that led to an altered expression of proteins associated with the Wnt signaling pathway ([@bb0640]). PRDX2 is also important in prostate cancer. Shiota et al demonstrated that the expression of PRDX2 is most significantly elevated among the PRDX family in prostate cancer ([@bb0940]). They showed that PRDX2 in the nucleus and cytoplasm distinctively regulated AR activity and is involved in the proliferation of AR-expressing prostate cancer cells and in the progression to castration-resistant prostate cancer, suggesting PRDX2 to be a key factor in prostate carcinogenesis and in the progression to castration-resistant prostate cancer ([@bb0940]). PRDX2 is highly inducible by therapeutic radiation and drugs in breast cancer cells ([@bb1030], [@bb1050]). Several resistant tumor cells have shown upregulated PRDX2 levels in breast cancer. PRDX2 plays a role in protecting the cell membrane from IR-induced oxidative radioresistant breast cancer cells ([@bb0220]). PRDX2 is also significantly upregulated in the early diagnosis of Hepatitis B Virus (HBV) related fibrosis ([@bb0645]). PRDX2 is markedly upregulated in neutrophils of refractory cytopenia with multilineage dysplasia (RCMD) patients compared to healthy donors. In addition, white blood cell and neutrophil counts in RCMD patients correlated inversely with PRDX2 expression ([@bb0475]). Among PRDXs, PRDX2 specifically regulates breast cancer cell colonization in lungs by acting on the oxidative and metabolic stress responses of metastatic cells ([@bb0970]). PRDX2 has a strong pattern of increased expression with increasing severity of the lesion, thus PRDX2 is up-regulated in response to cervical cancer development ([@bb0515]). These data indicate that PRDX2 is involved in the proliferation or metastasis of cancer, involved in radio- and drug-resistance, and suggest that designing therapeutics targeting PRDX2 may offer a novel strategy for developing treatment for cancer.

### 3.1.3. Promoting effect of PRDX3 in several cancer types {#s0050}

The tumor promoting effect of PRDX3 is well established in breast cancer, prostate cancer, cervical cancer, hepatocellular carcinoma and ovarian cancer. In a gene silencing study in breast cancer cells, silencing the PRDX3 gene inhibits cell proliferation and induces cell cycle arrest in breast cancers ([@bb0175]). PRDX3 is also involved in prostate cancer. PRDX3 is upregulated in endocrine-regulated tumors and in particular prostatic intraepithelial neoplasia and prostate cancer ([@bb1085]). Also, the PRDX3 protein is significantly upregulated in antiandrogen-resistant prostate cancer cell lines, resulting in an increased resistance to oxidative stress and failure to activate pro-apoptotic pathways ([@bb1085]). Antiandrogen-resistant prostate cancer cells also possess an upregulation of the tricarboxylic acid (TCA) pathway and resistance to H~2~O~2~-induced apoptosis through a failure to activate pro-apoptotic pathways, but knockdown of PRDX3 restored H~2~O~2~ sensitivity ([@bb1085]). PRDX3 is upregulated in response to the development of cervical cancer. The expression of PRDX3 is increased in cervical carcinoma and the pattern of PRDX3 expression in cervical carcinoma was consistent with that of cell proliferation marker, Ki67 ([@bb0370]). Nonn et al reported that PRDX3 played a drug-resistant role against drug-induced oxidative stress and subsequent apoptosis of thymoma cells ([@bb0745]). PRDX3 is also involved in hepatocellular carcinoma development. The overexpression of PRDX3 is associated with 94.9% hepatocellular carcinoma, and correlated with poor differentiation ([@bb0835]). Also, PRDX3 is resistant to oxidation-induced apoptosis of Hep-3b cells ([@bb1050]). After a low-dose of H~2~O~2~ treatment, the ROS level was significantly higher in PRDX3-knockdown Hep-3b cells than in controls. In addition, PRDX3 down-regulation resulted in decreased proliferation, increased apoptosis, and increased caspase 3 activity of Hep-3b cells ([@bb1050]). The PRDX3 is also overexpressed in ovarian cancer. Downregulation of PRDX3 upregulated pro-apoptotic proteins Bax, Caspase‑3 and Caspase‑9, and the silencing of PRDX3 triggered cisplatin‑mediated apoptosis in the ovarian cancer cells through suppression of the NF-κB signaling pathway ([@bb0240]). These data indicate that PRDX3 is accordingly up-regulated in cancer cells to remove cellular ROS and inhibit apoptosis, which provides a favorable microenvironment for cell proliferation. Therefore, PRDX3 can be a therapeutic target for several cancer treatments.

### 3.1.4. Tumor promoting effect of PRDX4 {#s0055}

The tumor promoting effect of PRDX4 is well established in lung cancer, leukemia, glioblastoma, oral squamous cell carcinoma, cardiovascular disease, hepatic diseases and colorectal carcinoma. PRDX4 is associated with lung cancer. Wei et al demonstrated that PRDX4 along with Srx plays a very important role in tumor progression and metastasis in lung cancer ([@bb1075]). Wei et al. showed that Srx preferentially binds to PRDX4 and the Srx-PRDX4 axis contributes significantly to the maintenance of lung tumor phenotype in vitro and the formation of metastases in vivo and also they suggested the Srx-PRDX4 axis in activation of intracellular phosphokinase signaling including AP-1/MMP-9 axis and MAPK signaling ([@bb1075]). The expression of PRDX4 is at least 1.5 fold higher in tumor cells compared to control and this finding applies most frequently to adenocarcinoma and modestly to squamous cell carcinoma ([@bb0595]). Alteration in expression of PRDX4 results in an alteration to the rate of tumor progression and metastasis which is indicated by anchorage independent colony formation, cell migration and invasion of human lung cancer cells ([@bb0775]). The ability of PRDX4 to promote tumor progression and metastasis is supposed to be due to its antioxidant properties ([@bb0195]). Alteration of PRDX4 expression is proposed to play a role in the development of different types of leukemia ([@bb0765]). Palande et al. found that the alteration in genomic sequence and expression level of PRDX4 is rare in acute myeloid leukemia but have found strong reduction in PRDX4 expression in acute promyelocytic leukemia ([@bb0765]). Also, it was suggested that due to the alteration in PRDX4 expression, the signal transduction from a myeloid growth factor receptor i.e. the granulocyte colony stimulating factor receptor is affected ([@bb0765]). In acute myeloid leukemia (AML) patients, the PRDX4 gene is fused with the AML1 gene between exon 5 and 6 of AML1 and exon 2 of PRDX4 ([@bb1200]). This fusion of AML1 gene with the PRDX4 gene is supposed to play a role in the altered expression of PRDX4 in acute myeloid leukemia ([@bb1200]). PRDX4 is supposed to play a role in the most aggressive primary brain malignancy ([@bb0510]). They found that the knockdown of PRDX4 results in reduced Glioblastoma multiform cell growth and radiation resistance along with increased ROS level, DNA damage and apoptosis in in-vitro model, suggesting the importance of PRDX4 in radiation resistance and tumor maintenance of GBM ([@bb0510]). PRDX4 is also studied for its role in tumor progression, cell migration and invasiveness in oral cavity squamous cell carcinoma ([@bb0075]). Along with the prognostic value of PRDX4, PRDX4 can also be a good therapeutic target in OSCC by virtue of its ability to mediate cell migration and/or metastasis ([@bb0610]). Also, PRDX4 is secreted into an extracellular environment, therefore, its plasma concentration may be used as a molecular indicator of various cardiovascular disease and other disorders involving oxidative stress ([@bb0910]). The increased serum PRDX4 concentration is considered as a good indicator of risk to cardiovascular disease because cardiovascular disease have higher level of oxidative stress and PRDX4 is over-expressed in these conditions ([@bb0010]). A study in a rat model of Wilson\'s disease has demonstrated that this disease has a lower level of PRDX4 expression as compared to normal ([@bb0405]). PRDX4 can protect the hepatic tissue against the Hydrogen peroxide as well as other ROS causing oxidative stress. The same study has proposed that PRDX4 can be used as a potential biomarker of hepatic diseases as the PRDX4 serum concentration in this model was found to be quite low. Genomic loss of PRDX4 in mice results in testicular atrophy due to elevated spermatogenic cell death ([@bb0410]). PRDX4 is also related with colorectal carcinoma. The expressions of the PRDX4 gene and protein were higher in colorectal carcinoma compared to those in the adjacent normal tissues and the expression intensity of the PRDX4 protein was correlated with depth of invasion and lymph node metastasis in CRC, and high PRDX4 expression was correlated with short survival time ([@bb1165]). These studies suggest that PRDX4 is involved in the tumor promoting effect through formation of Srx-PRDX4 via AP-1/MMP-9 and MAPK signaling, and remove cellular ROS which provides a favorable microenvironment for cell proliferation. Hence, PRDX4 can be a therapeutic target for several cancer treatments.

### 3.1.5. Beneficial or non-beneficial role of PRDX5 in cancer {#s0060}

The anti-tumor effect of PRDX5 is well established in breast cancer. Recent data showed that of the various PRDX family members, PRDX5 was the only one that was significantly downregulated in tumor samples obtained from Sudanese breast cancer patients ([@bb0255]).

The tumor promoting effect of PRDX5 is established in Graves' disease. PRDX5 expression is higher in the thyroid gland of patients with Graves\' disease compared to multinodular goiters, and the level of expression is directly correlated with the functional status of epithelial cells, being higher in multinodular goiters, and even more pronounced in hyperthyroid tissues, such as Graves' disease ([@bb0285]). Wang et al showed that PRDX5 expression is increased in a degenerative tendon compared with normal tendon ([@bb1065]). They showed that while PRDX5 was localized to fibroblasts in a normal tendon, it was localized to fibroblasts and endothelial cells in a degenerative tendon ([@bb1065]).

These data indicate that PRDX5 may inhibit breast cancers, but promotes Graves' disease.

### 3.1.6. Tumor promoting effect of PRDX6 {#s0065}

The tumor promoting effect of PRDX6 is well established in lung cancer, ovarian cancer, liver cancer and gastric cancer. PRDX6 has been found at higher levels in lung squamous cell carcinoma patients compared with healthy controls ([@bb1225]). PRDX6 is elevated in several lung diseases including lung cancer, mesothelioma and sarcoidosis ([@bb1180]). Invasion- and metastasis-promoting actions of PRDX6 have been found in lung cancer cells ([@bb0005]). The evidence indicates that the activity of PRDX6 contributes to the invasion, promotion, and metastatic ability of lung cancer cells ([@bb0355]). We previously found that iPLA2 activity of PRDX6 is critical for lung tumor development in in vivo allograft ([@bb1180], [@bb1190]). Our recent study demonstrated that PRDX6 promotes tumor development via the JAK2/STAT3 pathway in a urethane-induced lung tumor model ([@bb1195], [@bb1185], [@bb1170]). Also, PRDX6 promotes lung tumor progression via its GPx and iPLA2 activities ([@bb1180], [@bb1190]). In a recent study, the overexpression of PRDX6 attenuated cisplatin-induced apoptosis in human ovarian cancer cells, whereas the reduction of PRDX6 expression increased cell death in liver cancer cells ([@bb0760]). PRDX6 is highly upregulated in metastatic gastric cancer cells, which are relatively resistant to TRAIL as compared with primary cancer cells ([@bb0150]). Overexpression of PRDX6 leads to a more invasive phenotype and metastatic potential in human breast cancer through regulation of the levels of Upar, Est-1, MMP-9, RhoC and TIMP-2 expression ([@bb0105]). PRDX6 phosphorylation and subsequent phospholipase A2 activity are required for agonist-mediated activation of NADPH oxidase in mouse pulmonary microvascular endothelium and alveolar macrophages ([@bb0110]). These studies, as well as our own, suggest that PRDX6 promotes lung tumor development via JAK2/STAT3 pathway, its GPx and iPLA2 activities, and is involved in drug resistance of several cancer types, suggesting that PRDX6 can be a therapeutic target for cancer treatment

3.2. Expression of PRDXs in the human cancer patients {#s0070}
-----------------------------------------------------

PRDX1 is overexpressed or downregulated in the tissue of various cancer patients. Cases exhibiting a low PRDX1 expression level included significantly larger tumor mass cases (P \< 0.004), positive lymph node metastasis (P \< 0.015), advanced stage (P \< 0.002), and poorly differentiated cells (P \< 0.020) in oral squamous cell carcinoma ([@bb1140]). PRDX1 is highly expressed in human bladder cancer tissues than in the bladder mucosa of normal controls or in normal mucosa surrounding cancer tissues which correlates with development, recurrence and progression of bladder cancer ([@bb0845]). Sun et al reported that PRDX1 positive rate was significantly higher (77.1 %) in human hepatocellular carcinoma than in adjacent non-tumorous liver tissues (18.4 %) ([@bb0980]). PRDX1 immunoreactivity was positively correlated with VEGF expression and microvessel density and PRDX1 expression was significantly associated with tumor size, microvascular invasion, Edmondson grade, tumor capsula status, serum AFP, and tumor-node-metastasis stage ([@bb0980]).

PRDX2 is upregulated in human colorectal carcinoma tissues compared with the matched non cancer colorectal mucosa tissues ([@bb0635]). PRDX2 is markedly upregulated in neutrophils of refractory cytopenia with RCMD patients compared to healthy donors. In addition, white blood cell and neutrophil counts in RCMD patients correlated inversely with the PRDX2 expression ([@bb0475]).

IHC revealed significant overexpression of PRDX3 in prostate cancer, associated with age, increased prostate specific antigen (PSA), tumor stage, or Gleason score, and high PRDX3 staining was associated with early age and elevated Gleason score at time of radical prostatectomy in African-American patients but not in Caucasian patients with prostate cancer ([@bb0030]). PRDX3 is upregulated in human endocrine-regulated tumours and in particular prostatic intraepithelial neoplasia and prostate cancer ([@bb1085]). The overexpression of PRDX3 is associated with 94.9% hepatocellular carcinoma, and correlated with poor differentiation ([@bb0835]). The platinum-resistant ovarian cancer patient group had significantly higher PRDX3 protein compared to the platinum-sensitive ovarian cancer patient group, suggesting PRDX3 may be associated with drug resistance in ovarian cancer ([@bb1060]).

The expression of PRDX4 is at least 1.5 fold higher in human tumor cells compared to control and this finding applies most frequently to adenocarcinoma and modestly to squamous cell carcinoma ([@bb0595]). PRDX4 expression is elevated in human lung carcinomas compared to nonmalignant tissue, and is mainly associated with adenocarcinoma ([@bb0390]). PRDX4 is also related with colorectal carcinoma. The expressions of the PRDX4 gene and protein were higher in CRC compared to those in the adjacent normal tissues ([@bb1165]). The expression intensity of the PRDX4 protein was correlated with depth of invasion, lymph node metastasis and Dukes' classification in CRC ([@bb1165]).

PRDX5 expression in bladder cancer was significantly higher than in normal tissue, as well as corresponding normal bladder mucosa surrounding the cancer ([@bb0845]). A recent study demonstrated that PRDX5 expression was higher in the thyroid gland of patients with Graves\' disease compared to multinodular goiters ([@bb0285]).

PRDX6 has also been found at higher levels in lung squamous cell carcinoma patients compared with healthy controls ([@bb1225]). Our recent study also showed that the PRDX6 is overexpressed in lung cancer patients ([@bb1195], [@bb1185], [@bb1170]). Overexpression of PRDX6 leads to a more invasive phenotype and metastatic potential in human breast cancer ([@bb0105]).

3.3. Signaling pathway of PRDXs in the development of cancer {#s0075}
------------------------------------------------------------

PRDXs are involved in several cancer related signal pathways. Several studies suggested that NF-κB is related with redox signaling pathway. During redox signaling, some PRDXs have been implicated in the regulation of NF-κB through the initial activation in the cytoplasm by controlling the components affecting IκB phosphorylation and subsequent dissociation. In principle, PRDXs could have a different function in the nucleus because NF-κB interactions with DNA are governed by a redox-sensitive cysteine (Cys62) on the p50 subunit of the NF-κB dimer. Oxidation of Cys62 inhibits NF-κB binding and decreases the effectiveness of NF-κB signaling. Also, some PRDXs have also been implicated in the regulation of MAPK pathway during redox signaling. Although inhibiting PRDX appears to have different effects on MAPK activation depending on the cell or stimuli, in some cases the use of different stimuli, or time-points at which MAPK activation is assessed, make comparisons between studies difficult. In any case, the consequence of inhibiting PRDX in any given cell is likely to be determined by the levels of intracellular ROS and intrinsic features of the cell/compartment, such as the capacity to regenerate reduced PRDX, using Srx, or Trx using TrxR and NADPH. Besides these pathways, PRDXs also are involved in several cancer related pathways. [Fig. 4](#f0020){ref-type="fig"} illustrates the roles of PRDXs in the signaling pathways for the development of cancers.Fig. 4**Signaling pathway related with cancer development.** PRDX1 enhances the transactivation potential of NF-κB in ER-deficient breast cancer cells and upregulates phosphorylation of NF-κB subunit in bladder cancers. PRDX1 promotes tumorigenesis of esophageal squamous cell carcinoma through regulating the activity of mTOR/p70S6K pathway. PRDX2 is involved in the regulation of Wnt/β-catenin signaling in colorectal cancer cells. Specifically, PRDX2 inhibits GSK-3β activity, enhances β-catenin translocation into the nucleus, and inhibits the levels of β-catenin phosphorylation, thus resulting in significant up-regulation of transcription of the LEF/TCF target genes c-Myc and Survivin. PRDX3 is associated with NF-κB signaling pathway. PRDX3 enhances I-κB phosphorylation and induces NF-κB signaling pathway. PRDX3 also acts synergistically with MAP3K13 to regulate the activation of NF-κB in the cytosol. PRDX4 binds with Srx and the Srx-PRDX4 axis contributes to the maintenance of lung tumor phenotype by AP-1 and MAPK signaling pathway. PRDX6 promotes tumor development via the JAK2/STAT3 pathway in a urethane-induced lung tumor model. Upregulation of PRDX6 results in the activation of Akt via PI3K and p38 kinase.Fig. 4

It was shown that overexpression of PRDX1 and PRDX2 suppresses PDGF- and EGF-dependent H~2~O~2~ production as well as TNF-α-induced NF-κB transcriptional activity ([@bb0460]). Similar studies have since followed using other ligands, such as thyrotropin (TSH), TNF-α, and TNF-related apoptosis-inducing ligand (TRAIL), as well as further work on EGF dependent H~2~O~2~ production, in various cell types ([@bb0040]). Collectively, these studies show that 2-Cys PRDXs not only eliminate the levels of intracellular H~2~O~2~ that were increased upon receptor stimulation, but also suppress the downstream signaling responses, including NF-κB transcriptional activity, JNK activity and apoptosis ([@bb1155]).

PRDX2 is involved in differential regulation of different MAP kinases. Under conditions of TNF-α stimulation in which PRDX2 activity was either partially blocked using a dominant negative mutant version or was completely abolished by gene knockout, JNK and p38 MAP kinase activation were enhanced whereas the activation of extracellular signal related kinase (ERK) was suppressed ([@bb0320]). It was asserted that the endogenous H~2~O~2~ regulated by PRDX2 targets the phosphorylation of the tyrosines at sites 579/581 and 857 in the PDGF receptor, but has no effect on any of the other tyrosine sites that are known to be phosphorylated, whereas exogenously added H~2~O~2~ was shown to induce the phosphorylation of all possible tyrosine sites ([@bb0155]). It was also shown that the site selective response is controlled solely by PRDX2 and not by other peroxidases, and is achieved through the inactivation of the membrane-associated protein tyrosine phosphatases (PTPs) ([@bb0870]).

Xi et al reported that the protein levels of PRDX3 are significantly reduced in VHL-deficient clear cell renal cell carcinoma (CCRCC) ([@bb1125]). Furthermore, stabilization of HIF-1α protein, caused either by VHL deficiency under normoxia, or by hypoxia, significantly reduced PRDX3 expression. Luciferase-reporter and chromatin-immunoprecipitation assays indicated that HIF-1α binds to the hypoxia-responsive elements of PRDX3 promoter and represses its transcription. Finally, shRNA-based assays suggested that PRDX3 downregulation is required for the HIF-1α-dependent proliferation of CCRCC cells ([@bb1125]). Ovarian cancer cells transfected with PRDX3/small interfering (Si)‑1 efficiently downregulated the expression of PRDX3 and thus decreased the growth of the ovarian cancer cells in vitro and in vivo. Furthermore, the silencing of PRDX3 triggered cisplatin‑mediated apoptosis in the ovarian cancer cells, which may act through suppression of the NF‑κB signaling pathway ([@bb0960]). In antiandrogen-resistant LNCaP cell lines, PRDX3 is upregulated and the resistant cells also possess an upregulation of the TCA pathway and resistance to H₂O₂-induced apoptosis through a failure to activate pro-apoptotic pathways. Also, knockdown of PRDX3 restored H₂O₂ sensitivity, and PRDX3 has been identified as a gene induced by oncogenic c-Myc ([@bb1085]). Its specific localization to mitochondria suggests that PRDX3, together with its mitochondrion-specific electron suppliers Trx2 and Trx reductase (TrxR) 2, might provide a primary line of defense against H~2~O~2~ produced by the mitochondrial respiratory chain, as SOD2 does against the superoxide radical. In addition, Srx plays a crucial role by reducing hyperoxidized PRDX3 via translocation into mitochondria. Noh et al. reported that the overexpression of mitochondrion-targeted Srx efficiently promotes the restoration of PRDX3 and results in cellular resistance to apoptosis, with enhanced elimination of mitochondrial H~2~O~2~ and decreased rates of ΔΨm collapse ([@bb0740]). Thus, a Trx-related antioxidant system composed of Trx2, TrxR2, and PRDX3 has been closely associated with the regulation of apoptosis and the redox control of MPT pores for the release of cytochrome c ([@bb0740]).

PRDX4 is associated with lung cancer. Srx preferentially binds to PRDX4 and the Srx--PRDX4 axis promotes human lung cancer progression through modulation of receptor tyrosine kinase related signaling ([@bb1075]). The same study has also shown the role of Srx-PRDX4 axis in activation of intracellular phosphokinase signaling including AP-1/MMP-9 axis and MAPK signaling ([@bb1075]). Also, the Srx-PRDX4 plays a very important role in tumor progression and metastasis in lung cancer. Wei et al demonstrated that an alteration in the expression of PRDX4 results in an alteration in the rate of tumor progression and metastasis which is indicated by anchorage independent colony formation, cell migration and invasion of human lung cancer cells ([@bb1075]). This ability of PRDX4 to promote tumor progression and metastasis is supposedly due to its antioxidant properties.

Analysis of the promoter region of the PRDX5 gene and reporter gene assays revealed the promoter region critical for PRDX5 gene regulation to which the novel negative transcription regulator, GATA1 binds in human breast cancer cell lines ([@bb0915]). They showed that knockdown of GATA1 led to an increased expression of PRDX5 and inhibition of apoptosis, suggesting that PRDX5 may protect cells from oxidative stress-mediated apoptosis in a GATA1-regulated manner.

In a recent study, overexpression of PRDX6 attenuates cisplatin-induced apoptosis in human ovarian cancer cells ([@bb0760]). Pak et al showed that cisplatin-induced cytotoxicity in ovarian cancer cells cytotoxicity was associated with increased accumulation of intracellular (ROS) and apoptosis mediated by proteolytically activated caspase 3 and 9. Moreover, overexpression of PRDX 6 protein or exposure to N-acetylcysteine (NAC) reversed the apoptotic effect of cisplatin by reducing ROS levels and suppressing the caspase signaling pathway. In contrast, reduction of PRDX6 expression increased peroxide-induced cell death in liver cancer cells ([@bb1025]). They showed that the cancerous hepatoma cell line is significantly more resistant to peroxide-induced cytotoxicity than the non-cancerous cell line, and hepatoma cell line expresses approximately 3-fold PRDX6 than non-cancerous cell line. Also, they showed that transient transfection of cancerous hepatoma cell line with PRDX6 siRNA led to an increase in peroxide-induced cytotoxicity by apoptosis. The invasion-promoting action of PRDX6 has also been confirmed using lung cancer cells, in which upregulation of PRDX6 results in the activation of Akt via phosphoinositide 3-kinase (PI3K) and p38 kinase, which promotes cell invasion by inducing urokinase-type plasminogen activator (uPA) ([@bb0355]; Seung et al., 2009). Our study demonstrated that PRDX6 promoted lung tumor growth in an in vivo allograft model. Histopathological and Western blotting examination demonstrated that expression of proliferating cell nuclear antigen, VEGF, MMP-2 and -9, and cyclin-dependent kinases accompanied by increased iPLA2 and GPx activities were increased in the tumor tissues of PRDX6-overexpressing nude mice ([@bb0450]). In tumor tissues of PRDX6-overexpressing mice, the activation of mitogen-activated protein kinases and AP-1 DNA binding were also increased ([@bb1180], [@bb1190]). And the growth of lung cancer cell lines (A549 and NCI-H460) was enhanced by the increase in iPLA2 and GPx activities of PRDX6. In addition, mutant PRDX6 (C47S) attenuated PRDX6-mediated p38, ERK1/2, and AP-1 activities as well as its enzyme activities in the A549 and NCI-H460 lines. Furthermore, tumor growth and p38, ERK1/2, and AP-1 activities were also inhibited in nude mice bearing mutant PRDX6 (C47S) compared to PRDX6. Previously, we showed that urethane (1g/kg)-induced tumor incidence in PRDX6-Tg mice was significantly higher compared to non-Tg mice ([@bb1195], [@bb1185], [@bb1170]). In the tumors of PRDX6-Tg mice, the activation of JAK2/STAT3 and STAT3 DNA binding were also increased, accompanied by increased GPx and iPLA2 activities. PRDX6 was colocalized with JAK2 in tumor tissues and lung cancer cells and also showed physical interaction with JAK2, and increased levels of PRDX6 increase the activation of the JAK2/STAT3 pathway. Furthermore, PRDX6-Tg mice showed altered cytokine levels in the tumors, especially leading to increased CCL5 levels. We validated that the activation of JAK2 was also decreased in lung tumors of CCR5^-/-^ mice, and CCL5 increased the JAK2/STAT3 pathway in the lung cancer cells, suggesting that PRDX6 promotes lung tumor development via its mediated and CCL5-associated activation of the JAK2/STAT3 pathway.

4. PRDXs and neurodegenerative diseases {#s0080}
=======================================

PRDXs are differentially expressed in the brain regions depending on the subfamily. PRDX1 and 6 are expressed in glial cells, whereas PRDX2, 3, 4 and 5 are expressed in neurons ([@bb0320]). These data indicate that the two PRDXs have distinct functional roles in the brain and provide differential contributions to neuropathologic conditions. The expression patterns of PRDXs are in fact highly variable in different regions of the brain during neurodegenerative disease processes ([@bb0320]). Given that oxidative damage is involved in the pathogenesis of neurodegenerative diseases, the alteration in PRDX expression would appear to be primarily a consequence of cellular resistance to the oxidative damage ([@bb0790]). Several studies suggested that the PRDXs are related with the development of neurodegenerative diseases or neuroprotective effects ([@bb0790], [@bb0965]). In this regard, we reviewed the roles of PRDXs in the development of neurodegenerative diseases and neuroprotective effects. The relationship between neurodegenerative diseases and PRDXs is summarized in [Table 3](#t0015){ref-type="table"} .Table 3Summary of function of PRDX subfamily in different neurodenerative disease typesTable 3.PRDX typeDisease typeEffectsResultsMechanismsReferencePRDX1\
PRDX2Sporadic Creutzfeldt-Jacob diseaseNeuroprotective effectDecrease the diseasePRDX1 is decreased in the frontal cortex of patients with Sporadic Creutzfeldt-Jacob disease[@bb0555]NeuroblastomaNeurodegenerative effectEnhance the neuroblastomaPRDX1 is induced by the accumulation of Aβ1-42 peptides in neuroblastoma cells[@bb0580]ADNeuroprotective effectProtects the brainPRDX2 is overexpressed in the brain of AD patients indicating that PRDX2 protects the brain from Aβ1-42 induced neurotoxicity[@bb0185]PDNeurodegenerative effectIncrease the risk of PD-PRDX2 is involved in the regulation of 6-OHDA-induced apoptosis signaling in DA induced neuronal cell death\
-PRDX2 phosphorylation is involved in PD\
-PRDX2 promotes oxidative stress-induced neuronal cell death in PD[@bb0375], [@bb0840], [@bb0260]PRDX3Excitotoxic injuryNeuroprotective effectProtects the neuronPRDX3 is involved in the protection of hippocampal neurons from excitotoxic injury[@bb0335]Down syndromeNeuroprotective effectProtects the brain from Down syndromePRDX3 is decreased in frontal cortex of Down syndrome[@bb0550]Pick's diseaseNeuroprotective effectProtects the brain from Pick's diseasePRDX3 is decreased in frontal cortex of Pick's disease[@bb0550]PDNeurodegenerative effectIncrease the risk of PDPRDX3 phosphorylation is increased in autosomal dominant mutation of LRRK2 that is important for PD and results in the oxidative stress induced neuronal death[@bb0025]PRDX4Pick's diseaseNeurodegenerative effectIncrease the risk of Pick's diseasePRDX4 is significantly increased only in Pick's disease frontal cortex[@bb0550]PRDX5PDNeurodegenerative effectIncrease the risk of PDPRDX5 is involved in PD through mitochondrial redox signaling with Ca2 + influx resulting in the development of PD[@bb0200]PRDX6ADNeurodegenerative effectIncrease the risk of AD-PRDX6 accelerates the development of AD through increased amyloidogenesis through independent PLA2 activation and Nrf2 transcription.\
- PRDX6 activates astrocyte and microglia cells, lipid peroxidation and protein carbonyl levels in PRDX6 overexpressed transgenic mice.[@bb0925], [@bb1175]PDNeurodegenerative effectIncrease the risk of PDPRDX6 induces astrocytic activation followed by increased proinflammatory cytokines (TNF-α and IL1-β), 4-HNE, and PRDX6 hyperoxidation in primary cultured astrocytes.[@bb1170], [@bb1185], [@bb1195]

4.1. Roles of PRDXs in the development of neurodegenerative diseases {#s0085}
--------------------------------------------------------------------

### 4.1.1. Dual function of PRDX1 in neurodegenerative diseases {#s0090}

The neuroprotective role of PRDX1 is well established. PRDX1 has a protective role in counteracting Aβ injury by increasing cell viability, preserving neurites, and decreasing cell death ([@bb0185]). The neurodegenerative role of PRDX1 is also established in neuroblastoma cells ([@bb0580]).

### 4.1.2. Neuroprotective or neurodegenerative effect of PRDX2 {#s0095}

The neuroprotective role of PRDX2 is well established in AD and PD. Among the antioxidant PRDX enzymes, PRDX2 is the most abundant in mammalian neurons, making it a prime candidate to defend against oxidative stress ([@bb0260]). PRDX2 is overexpressed in the brain of Alzheimer's disease (AD) indicating that PRDX2 protects the brain from Aβ1-42 induced neurotoxicity ([@bb1160]). Another study also suggested that PRDX2 exhibited anti apoptotic effects in DA neurons via suppression of ASK1 dependent activation of JNK and p38 pathways which are activated in PA neurons of PD brains ([@bb0375]). The neurodegenerative role of PRDX2 is also established in AD and PD. The role of PRDX2 in PD is controversial. Garcia-Garcia et al suggested that the oxidative modification of PRDX2 is associated with drug induced apoptosis signaling in the model of Parkinson disease ([@bb0280]). They suggested that the oxidative modification of PRDX2 is involved in the regulation of 6-OHDA-induced apoptotic signaling in DA induced neuronal cell death. Qu et al defined the role of PRDX2 in PD and suggested that phosphorylation of PRDX2 isoform is involved in PD ([@bb0840]). In a histochemical study of brains from AD patients, nitrated PRDX2 was identified. Randall et al. investigated the functional consequences of PRDX2 tyrosine nitration, and demonstrated that nitration was on a non-catalytic residue that resulted in increases in peroxidase activity and resistance to over-oxidation ([@bb0855]). Fang et al observed increased S-nitrosylation of PRDX2 in human Parkinson\'s disease (PD) brains, and S-nitrosylation of PRDX2 inhibited both its enzymatic activity and protective function from oxidative stress ([@bb0260]). Dopaminergic neurons, which are lost in PD, become particularly vulnerable, provided a direct link between nitrosative/oxidative stress and neurodegenerative disorders such as PD ([@bb0260]). These data suggest that not only is PRDX2 involved in neuroprotection via inhibition of Aβ1-42 induced apoptosis and suppression of JNK and p38 pathways, but also involved in neurodegeneration via oxidative modification, phosphorylation and s-nitrosylation of PRDX2.

### 4.1.3. Dual function of PRDX3 in neurodegenerative diseases {#s0100}

The neuroprotective role of PRDX3 is well established. PRDX3 is involved in the protection of hippocampal neurons from excitotoxic injury. Hattori et al showed that PRDX3 is up-regulated in the mitochondria of damaged nerve cells ([@bb0335]). Because mitochondria is involved in excitotoxic damage of nerve cells, mitochondrial PRDX3 seems to be neuroprotective against oxidative insults ([@bb0335]). Also, PRDX3 is decreased in the frontal cortex of patients with Down syndrome (P \< 0.01) and Pick's disease (P \< 0.001) ([@bb0550]). The neurodegenerative role of PRDX3 is established in PD. A recent study also suggested that the autosomal dominant mutation of LRRK2 that is important for PD, increased the phosphorylation of PRDX3 and resulted in the oxidative stress induced neuronal death ([@bb0025]). These data indicate that PRDX3 is involved in the neuroprotection against oxidative insults in the mitochondria, and involved in neurodegeneration through increased phosphorylation by LRRK2 mutation.

### 4.1.4. Role of PRDX4 and PRDX5 in neurodegenerative diseases {#s0105}

There are not many research reports in PRDX4 and PRDX5. PRDX4 is significantly increased only in Pick's disease frontal cortex ([@bb0550]). PRDX5 is involved in PD through mitochondrial redox signaling with Ca2 + influx resulting in the development of PD ([@bb0200]).

### 4.1.5. Role of PRDX6 in neuroprotection and neurodegeneration {#s0110}

The neuroprotective role of PRDX6 is established in an experimental autoimmune encephalomyelitis (EAE) model. In the recent study, we also showed that the expression of an PRDX6 is markedly increased in spinal cords of mice with EAE compared to other PRDXs. PRDX6 transgenic mice displayed a significant decrease in clinical severity and attenuated demyelination in EAE compared to wild type mice, suggesting that PRDX6 expression may represent a therapeutic way to restrict inflammation in the central nervous system and potentiate oligodendrocyte survival, and suggest a new molecule for neuroprotective therapies in MS ([@bb1195], [@bb1185], [@bb1170]). The neurodegenerative role of PRDX6 is established in AD and PD. Our recent study suggested that overexpression of PRDX6 could accelerate the development of AD through increased amyloidogenesis through independent PLA2 activation and Nrf2 transcription ([@bb1175]). In a mouse model after amyloid beta infusion, memory impairment in PRDX6 transgenic mice was worse than C57BL/6 mice. In addition, the astrocytes and microglia cells of amyloid-infused PRDX6 transgenic mice were more activated, lipid peroxidation and protein carbonyl levels were increased and glutathione levels were lower, suggesting that PRDX6 is promoting rather than preventing oxidative stress ([@bb1175]). Our recent study also suggested that PRDX6 exacerbates dopaminergic neurodegeneration in a MPTP mouse model of PD ([@bb1195], [@bb1185], [@bb1170]). These data indicate that PRDX6 induces neurodegeneration through iPLA2 and nrf2 activation in AD, and induction of MPTP-induced dopaminergic neurodegeneration of PD, but inhibits multiple sclerosis by suppressing inflammation and blood brain barrier disruption in EAE model.

4.2. Signaling pathway of PRDXs in neurodegenerative diseases {#s0115}
-------------------------------------------------------------

The Trx system protects against H~2~O~2~-induced apoptosis, and the Trx-PRDX system detoxifies peroxides by transferring reducing equivalents from NADPH to peroxides with cytoprotective and antioxidative effect ([@bb0965]). Several studies reported that PRDX1-4 are implicated in protecting neuronal cells from Aβ toxicity ([@bb1160]), peroxide and 1-methyl-4-phenylpyridinium (MPP(+)) toxicity ([@bb0840]), oxygen-glucose deprivation and excitotoxicity ([@bb0335]). Also, other PRDXs are also involved in neurodegenerative diseases. [Fig. 5](#f0025){ref-type="fig"} illustrates the roles of PRDXs in the signaling pathways for the neurodegenerative diseases.Fig. 5**Possible mechanisms of PRDXs related with neurodegenerative disease.** ROS mediate neurotoxicity of AD through modifying the hallmark protein by oxidation. In AD, ROS could also activate c-Jun N-terminal kinases (JNK) and p38, and deactivate protein phosphatase 2A (PP2A). JNK and p38 promote the expression of Tau, which is inhibited by PP2A. The activation of JNK and p38 further stimulate APP cleaving enzyme 1 (BACE1), causing Aβ1-42 accumulation, which leads to activation of NADPH oxidase (Nox) to produce additional O~2~, and results in Ca^2 +^ influx to elicit excitatory neurotoxicity. PRDX2 inhibits the generation and accumulation of Aβ1-42, and protects the brain from AD neurotoxicity. PRDX6 accelerates cell dysfunction and cell death proceeded from ROS generation. In PD, the α-Syn is aggregated and generates ROS that also generated from Ca^2 +^ accumulation. PRDX5 induces the Ca^2 +^ accumulation that can cause ROS generation. PRDX2 and PRDX5 mediate the neurotoxicity through induction of cell dysfunction and cell death from ROS accumulation. PD is also generated from LRRK2 mutation. This mutation causes PRDX3 phosphorylation, after that ROS accumulates, resulting in cellular dysfunction and cellular death.Fig. 5

Overexpression of PRDX1 protects against 6 hydroxydopamine toxicity, prevents p38 MAPK activation and subsequent activation of caspase-3 in MN9D cells, but apoptotic death signals were enhanced by RNA interference-targeted reduction of PRDX1 ([@bb0590]). PRDX2 is involved in neurodegeneration through phosphorylation by cdk2, a serine/threonine kinase, and contributes to PD.

In a recent study, Qu et al. showed that cyclin-dependent kinase 5 (cdk5) inhibits PRDX2 activity, leading to increased levels of ROS in PD models ([@bb0840]). They also demonstrated that PRDX2 is a bona fide substrate for the cdk5-p35 complex, which phosphorylated PRDX2 at the threonine residue at position 89. Cyclin-dependent kinase 5, a serine/threonine kinase, contributes to neurodegeneration in PD. This kinase is shown to phosphorylate PRDX2, inactivating it, and thereby sensitizing neurons to the deleterious effects of parkinsonian toxins. Hu et al. explored the role of PRDX2 and showed it inhibited 6 hydroxydopamine-induced ASK1 activation by modulating the redox state of Trx1 preventing its dissociation from ASK1 ([@bb0375]). They showed that Lentivirus-mediated PRDX2 overexpression conferred marked in vitro and in vivo neuroprotection against 6-OHDA toxicity in DA neurons, and preserved motor functions involving the dopamine system in mouse. In addition to its role as an antioxidant enzyme, PRDX2 exhibited anti-apoptotic effects in DA neurons via suppression of apoptosis signal-regulating kinase (ASK1)-dependent activation of the c-Jun N-terminal kinase/c-Jun and p38 pro-death pathways, which are also activated in DA neurons of postmortem PD brains. PRDX2 inhibited 6-OHDA-induced ASK1 activation by modulating the redox status of the endogenous ASK1 inhibitor Trx. PRDX2 overexpression maintained Trx in a reduced state by inhibiting the cysteine thiol-disulphide exchange, thereby preventing its dissociation from ASK1.

In cells expressing the LRRK2 mutant gene that is responsible for up to 30--40% of PD cases in some ethnic populations, the phosphorylation of PRDX3 is increased but decreased peroxidase activity and increased death in neuronal cells ([@bb0025]).

Kim et al suggested that apoptosis was inhibited after amyloid beta treatment in PC12 cells overexpressing wild-type PRDX6, but not in cells that overexpressed the C47S catalytic mutant. This indicates that the peroxidase activity of PRDX6 protects PC12 cells from amyloid-induced neurotoxicity ([@bb0495]). Our recent study also demonstrated that Aβ1-42-induced memory impairment in PRDX6 transgenic mice was worse than C57BL/6 mice, and the expression of amyloid precursor protein cleavage, C99, β-site APP-cleaving enzyme 1, inducible nitric oxide synthase, and cyclooxygenase-2 was greatly increased ([@bb1175]). In addition, the astrocytes and microglia cells of Aβ-infused PRDX6 transgenic mice were more activated, and Aβ also significantly increased lipid peroxidation and protein carbonyl levels, but decreased glutathione levels. Furthermore, we found that translocation of nuclear factor erythroid 2-related factor 2 (Nrf2) to the nucleus was increased in Aβ-infused PRDX6 transgenic mice. These results suggest that the overexpression of PRDX6 could accelerate the development of AD through increased amyloidogenesis through independent PLA2 activation and Nrf2 transcription. We also recently investigated the effects of PRDX6 on MPTP-induced dopaminergic neurodegeneration using PRDX6 Tg mice ([@bb1195], [@bb1185], [@bb1170]). PRDX6 Tg mice had a much higher loss of dopaminergic neurons by MPTP administration compared to non-Tg mice. There was also a much higher behavioral impairment and astrocyte activation in PRDX6 Tg mice. MPTP-induced GPx activity was not different between PRDX6 Tg mice and non-Tg mice, which is accompanied by hyperoxidation of PRDX6. Intriguingly, the expression pattern of PRDX6 showed similar distribution and co-localization with astrocytes, but not neurons in the mouse and human brain. Furthermore, we demonstrated that iPLA2 activity of PRDX6 induced astrocytic activation followed by increased proinflammatory cytokines (TNF- α and IL1-β), 4-HNE, and PRDX6 hyperoxidation in primary cultured astrocytes. A recent study suggested the translational potential of blocking TLR4/PRDX6 signaling for the treatment of ischemic stroke ([@bb0570]). They showed that ligustilide (LIG) exerted antineuroinflammatory and neuroprotective effects against an ischemic insult, and showed that TLR4/PRDX6 pathway is involved in the protective effect of LIG against postischemic neuroinflammation and brain injury induced by transient middle cerebral artery occlusion (MCAO) in rats. Also, LIG-induced neuroprotection was accompanied by the improvement of neuropathological alterations, including neuron loss, astrocyte and microglia/macrophage activation, neutrophil and T-lymphocyte invasion, and regulation of inflammatory mediator expression. Moreover, LIG significantly inhibited the expression and extracellular release of PRDX6 and activation of TLR4 signaling, reflected by decreased TLR4 expression, extracellular signal-regulated kinase 1/2 phosphorylation, and transcriptional activity of NF-κB and signal transducer and activator of transcription 3 in the ischemic brain.

5. PRDXs and inflammatory disease {#s0120}
=================================

Redox-regulated transcription factors and protein kinases play important roles in the regulation of inflammation ([@bb0015]). NF-κB is a well-characterized redox-sensitive transcription factor important in the initiation and progression of inflammation through the production of various cytokines and prostaglandins ([@bb0575]). Nrf2 is another redox-regulated transcription factor important for cellular defense against oxidative and electrophilic stress ([@bb1005]). Nrf2 activates the expression of stress-dependent cytoprotective genes such as NAD(P)H-quinone oxidoreductase 1 and glutathione S-transferase (GST) through a cis-acting element called the ARE/EpRE ([@bb0540]). PRDXs secreted from cells under mild oxidative stress binds TLR4 and PRDXs induces Nrf2 or NF-κB activation that is important for the expression of inflammatory proteins, suggesting that PRDXs are involved in the inflammation related disease ([@bb0650], [@bb1080]).

5.1. Roles of PRDXs in the development of inflammatory disease {#s0125}
--------------------------------------------------------------

PRDXs are related with several inflammatory diseases such as atherosclerosis, RA and obesity. The relationship between inflammatory diseases and PRDXs is summarized in [Table 4](#t0020){ref-type="table"} .Table 4Summary of function of PRDX subfamily in different inflammatory disease typesTable 4.PRDX typeDisease typeEffectsResultsMechanismsReferencePRDX1AtherosclerosisBenefit effectProtects against atherosclerosisPRDX1 is induced by exposing macrophages to oxidized LDL5 and by laminar shear stress in endothelial cells\
PRDX1 protects against excessive endothelial activation and atherosclerosis[@bb0520];\
[@bb0695]Rheumatoid arthritisNon-benefit effectEnhance the risk of RAPRDX1 is overexpressed in RA patient tissue by more than 3 fold compared with normal tissues.[@bb0605]PRDX2AtherosclerosisBenefit effectSuppresses AtherosclerosisPRDX2 suppresses the proliferation and migration of SMCs through the site-selective phosphorylation of the PDGF receptor and, furthermore, is involved in the neointimal thickening of SMCs in balloon-injured carotidartery[@bb0465]Rheumatoid arthritisNon-benefit effectEnhance the risk of RAPRDX2 is involved in the persistence of pro-inflammatory cells in chronic inflammation because PRDX2 protein content of lymphocytes from RA patient was more than 2-fold higher compared with healthy lymphocytes[@bb0985]PRDX3ObesityBenefit effectDecrease the risk of obesityPRDX3 deficiency increased abnormal lipid accumulation in adipose tissue, due to increased ROS[@bb0380]PRDX4AtherosclerosisBenefit effectProtects against atherosclerosisPRDX4 protects the vascular tissue against ROS and hence, it has ability to inhibit the oxidative stress induced inflammation in various tissues[@bb0315]Non-benefit effectEnhance the risk of RAPRDX4 is increased in synovial tissues of RA patients[@bb0090]Rheumatoid arthritisBenefit effectDecrease the risk of obesityPRDX4 prevents HFD-induced hepatic steatosis and insulin resistance by amelioration of oxidative stress in PRDX4 overexpressed transgenic mice[@bb0230]ObesityBenefit effectProtects against atherosclerosisPRDX6^-/-^ macrophages oxidized LDL significantly more than did controls and plasma lipid hydroperoxide levels were higher in atherogenic diet-fed Prdx6^-/-^ mice than in controls.[@bb1055]PRDX6Rheumatoid arthritisNon-benefit effectEnhance the risk of RAPRDX6 promotes development of RA through activation of NF-κB/AP-1 coupled JNK pathway in the CAIA and AIA-induced arthritis development model[@bb0505]

### 5.1.1. Dual function of PRDX1 in inflammatory diseases {#s0130}

The beneficial role of PRDX1 in inflammatory diseases is well established. In addition, PRDX1 deficiency enhanced the regulated secretion pathway in endothelial cells by the promotion of excessive release of several proinflammatory components. Kisucka et al examined the role of PRDX1 in the apolipoprotein E-deficient (apoE^-/-^) murine spontaneous model of atherosclerosis ([@bb0520]). They showed that PRDX1^-/-^/apoE^-/-^ mice fed normal chow developed larger, more macrophage-rich aortic sinus lesions than PRDX1^+/+^/apoE^-/-^ mice, despite similar amounts and size distributions of cholesterol in their plasma lipoproteins, suggesting that PRDX1 protects against excessive endothelial activation and atherosclerosis. The role of PRDX1 as non-beneficial in inflammatory diseases is also established. PRDX1 is induced by exposing macrophages to oxidized LDL5 and by laminar shear stress in endothelial cells ([@bb0190], [@bb0695]). Also, transcription factor Nrf2, one of the erythroid transcription factor NFE2 subunit factors responsible for the induction of defense proteins including PRDX1, is activated in oxidized LDL-treated macrophage cells, thus these data suggested that PRDX1 is involved in macrophage activation ([@bb0520]). In the RA patient tissue, the PRDX1 is overexpressed by more than 3 fold compared with normal tissues ([@bb0605]). Demasi et al suggested that PRDX1 induction could be considered a crucial part of the cellular adaptive response to the B-cell differentiation process to cope with the additional H~2~O~2~ associated with massive disulphide bond formation during immunoglobulin folding in the ER of plasma cells ([@bb0215]). These data indicate that PRDX1 inhibits inflammatory disease by protection of excessive endothelial activation and atherosclerosis, but induces inflammatory disease via activation of Nrf2.

### 5.1.2. Dual function of PRDX2 in inflammatory diseases {#s0135}

The beneficial role of PRDX2 in inflammatory diseases is well established. PRDX2, a thiol-specific peroxidase, has been reported to regulate proinflammatory responses, vascular remodeling, and global oxidative stress ([@bb0780]). PRDX2 removes transiently produced H~2~O~2~ in response to activation of various cell surface receptors. PRDX2 regulates platelet-derived growth factor (PDGF) signaling, including enhanced activation of the PDGF receptor and phospholipase Cγ1, and vascular remodeling, including PDGF-dependent neointimal thickening of vascular smooth muscle cells ([@bb0155]). Yang et al showed that PRDX2 inhibits general immune cell responsiveness by scavenging low levels of ROS, modulating LPS-induced proinflammatory responses, and protecting against endotoxin-induced lethal shock ([@bb1155]). A recent report showed that PRDX2 is more susceptible than PRDX1 to hyperoxidation in cells subjected to sustained global oxidative stress, which suggests that PRDX2 deficiency may lead to accelerated atherosclerosis due to failure to eliminate ROS ([@bb1095]). It has recently been shown that PRDX2 suppresses the proliferation and migration of smooth muscle cells (SMCs) through the site-selective phosphorylation of the PDGF receptor and, furthermore, is involved in the neointimal thickening of SMCs in balloon-injured carotidartery ([@bb0465]). The role of PRDX2 in inflammatory diseases as non-beneficial in inflammatory diseases is also established. In a recent study by Bayer et al, PRDX2 is increased in the presence of the neutrophils and under acidotic conditions and also oxidation of erythrocyte PRDX2 is increased in a mouse model of endotoxemia ([@bb0035]). Another recent study also showed that the level of intracellular PRDX2 protein content of lymphocytes from RA patients was more than 2-fold higher compared with healthy lymphocytes suggesting that PRDX2 is involved in the persistence of pro-inflammatory cells in chronic inflammation ([@bb0985]). Also, PRDX2 is readily detected in the blood of severe acute respiratory syndrome patients, whereas it is undetectable in normal control blood ([@bb0115]). Recombinant PRDX2 induces macrophages to produce TNF-α in the absence of any other stimuli, demonstrating that the Trx peroxidase PRDX2 is appropriately classified as a danger signal, meaning a molecule that is released by cells undergoing stress and acts as an immune mediator ([@bb0895]). These data suggest that PRDX2 suppresses inflammatory diseases through inhibition of PDGF signaling, inhibition of immune cell responsiveness and elimination of ROS, but induces inflammatory diseases through persistence of pro-inflammatory cells and mediation of TNF-α production.

### 5.1.3. Anti-inflammatory effect of PRDX3 {#s0140}

The beneficial role of PRDX3 in inflammatory diseases is well established. PRDX3 deficiency increased abnormal lipid accumulation in adipose tissue, due to increased ROS ([@bb0380]). They suggested that endogenous PRDX3 may play an essential role in maintaining normal characteristics of adipocytes and that a defect in PRDX3 alters mitochondrial redox state and function, and adipokine expression in adipocytes leading to metabolic alteration ([@bb0380]). These data indicate that PRDX3 protects the inflammatory diseases through elimination of lipid accumulation.

### 5.1.4. Beneficial or non-beneficial role of PRDX4 in inflammatory diseases {#s0145}

The beneficial role of PRDX4 in inflammatory diseases is well established. It was reported that HFD-induced hepatic steatosis and insulin resistance were prevented in PRDX4 transgenic mice by amelioration of oxidative stress ([@bb0715]). It has been suggested that streptozotocin-treated Tg mice, which overexpress PRDX4 in pancreatic islets, can protect pancreatic beta-cells against streptozotocin-induced injury (insulitis) by suppressing increased oxidative stress and inflammatory signaling activation ([@bb0230]). The role of PRDX4 in inflammatory diseases as non-beneficial is also established. Chang et al demonstrated that the expression of PRDX4 is increased in synovial tissues of RA patients ([@bb0090]). These data indicate that PRDX4 inhibits inflammatory diseases by suppressing oxidative stress and inflammatory signaling.

### 5.1.5. Pro-or anti-inflammatory effect of PRDX6 in inflammatory diseases {#s0150}

The beneficial role of PRDX6 in inflammatory diseases is well established. Wang et al showed that PRDX6^-/-^ macrophages oxidized LDL significantly more than it did in controls and plasma lipid hydroperoxide levels were higher in atherogenic diet-fed PRDX6^-/-^ mice than in controls ([@bb1055]). A recent study showed that increased PRDX6 expression suppresses liver injury induced by free radical-mediated damage via inflammation ([@bb0485]). Likewise, an increased liver injury in PRDX6-knockout mice occurred via increased mitochondrial generation of H~2~O~2~ ([@bb0250]). The role of PRDX6 in inflammatory diseases as non-beneficial is also established. PRDX6 is also involved in the several inflammation related diseases. Our recent study suggested that overexpression of PRDX6 promotes development of RA through activation of coupling NF-κB/AP-1 with the JNK pathway or NF-κB/AP-1 coupled with the JNK pathway in the CAIA and AIA-induced arthritis development model ([@bb0505]). Our data and other data suggest that PRDX6 inhibits inflammatory diseases by suppression of free radical-induced damage and mitochondrial generation of H~2~O~2~, and induces inflammatory diseases through activation of NF-κB/AP-1 coupled with the JNK pathway.

5.2. Signaling pathway of PRDXs in the development of inflammatory diseases {#s0155}
---------------------------------------------------------------------------

PRDXs secreted from cells under mild oxidative stress binds TLR4 and PRDXs induces Nrf2 or NF-κB activation that is important for the expression of inflammatory proteins, suggesting that PRDXs are involved in inflammation related disease ([@bb0650], [@bb1080]). [Fig. 6](#f0030){ref-type="fig"} illustrates the roles of PRDXs in the signaling pathways for the development of inflammatory diseases.Fig. 6**Possible mechanisms of PRDXs related with inflammatory disease.** PRDX1 can induce activation of NF-κB through TLR4. PRDX1 is secreted from cells under mild oxidative stress and binds with TLR4 which results in induced NF-κB activation that is important for the expression of inflammatory proteins. Recombinant PRDX1 supplemented to the culture medium induced secretion of TNF-α and IL-6 from mouse thioglycolate-elicited peritoneal macrophages and BMDM. This effect of PRDX1 is quite similar to that of LPS as it required membrane proteins CD14 and MD2 and was mediated by the TLR4-MyD88 signaling leading to the activation of NF-κB. It was speculated that PRDXs released from necrotic cells induce NF-κB activation and the production of IL-23. PRDX2 is a negative regulator of PDGF signalling. PRDX2 suppresses activation of PDGF receptor (PDGFR) and phospholipase Cγ1, and subsequently decreases cell proliferation and migration in response to PDGF. Also, PRDX2 is recruited to PDGFR upon PDGF stimulation, and suppresses protein tyrosine phosphatase inactivation. PRDX5 and PRDX6 are TLR4-dependent inducers of infiltrating macrophage activation and the subsequent production of inflammatory mediators from invading T cells in the ischemic brain. Overexpression of PRDX6 promotes development of RA through activation of NF-κB/AP-1 coupled with JNK pathway in the CAIA and AIA-induced arthritis development model.Fig. 6

Riddell et al. found that extracellular PRDX1 can induce activation of NF-κB through TLR4 ([@bb0880]). They showed that incubation of mouse vascular endothelial cells with recombinant PRDX1 caused an increase of VEGF expression that was dependent upon TLR4 and required hypoxia inducible factor-1 (HIF-1) interaction with the VEGF promoter. The induction of VEGF was also dependent upon NF-κB; however, NF-κB interaction with the VEGF promoter was not required for PRDX1 induction of VEGF suggesting that NF-κB was acting indirectly to induce VEGF expression. Riddell et al. also showed that recombinant PRDX1 supplemented to the culture medium induced secretion of TNF-α and IL-6 from mouse thioglycolate-elicited peritoneal macrophages ([@bb0885]). They showed that secretion of cytokines in response to PRDX1 was dependent upon serum and required CD14 and MD2. Binding of PRDX1 to TG-macrophages occurred within minutes and resulted in TLR4 endocytosis. PRDX1 interaction with TLR4 was independent of its peroxidase activity and appeared to be dependent upon its chaperone activity and ability to form decamers. Cytokine expression occurred via the TLR-MyD88 signaling pathway, which resulted in nuclear translocation and activation of NF-κB. These findings suggest that PRDX1 may act as a danger signal similar to other TLR4 binding chaperone molecules such as HSP72. Shichita et al. showed that PRDX1 to 6 all bind to TLR4 and induce IL-23 ([@bb0935], [@bb0930]). The authors identified PRDXs as key initiators of post-ischemic inflammation in the brain. They showed that IL-23 production from infiltrated macrophages induces IL-17-producing T cells, which play a role in the promotion of delayed ischemic brain damages. It was speculated that PRDXs released from necrotic cells induce NF-κB activation and the production of IL-23 ([@bb0895]). The authors identified a domain on PRDXs required for the TLR4-mediated cytokine production. This domain is amino acid residues between 70 and 90 of PRDX5 and homologous regions in other PRDXs that commonly contain β4 sheet and α3 helix regions. It is noted, however, that the activity of domain containing GST-PRDX fusion proteins induced the IL-23 mRNA to a much lesser extent compared to whole PRDXs. The interaction of PRDXs with TLR4 should be strictly regulated by a manner different from that of LPS. Kisucka et al examined the role of PRDX1 in the apoE^-/-^ murine spontaneous model of atherosclerosis ([@bb0520]). They showed that PRDX1^-/-^/apoE^-/-^ mice fed normal chow developed larger, more macrophage-rich aortic sinus lesions than PRDX1^+/+^/apoE^-/-^ mice, despite similar amounts and size distributions of cholesterol in their plasma lipoproteins, suggesting that PRDX1 protects against excessive endothelial activation and atherosclerosis. PRDX1 deficiency enhanced the regulated secretion pathway in endothelial cells by promotion of excessive release of several proinflammatory components of Weibel-Palade bodies, such as P-selectin and von Willebrand factor ([@bb0520]). However, PRDX1 deficiency did not affect transcriptional regulation of receptors such as intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule-1 (VCAM-1).

One study showed that PRDX2 is highly expressed in endothelial and immune cells in atherosclerotic lesions and blocked the increase of endogenous H~2~O~2~ by atherogenic stimulation ([@bb0780]). Deficiency of PRDX2 in apoE^-/-^ mice accelerated plaque formation with enhanced activation of p65, c-Jun, JNKs, and p38 mitogen-activated protein kinase; and these proatherogenic effects of PRDX2 deficiency were rescued by the administration of the antioxidant ebselen. Also, they showed that PRDX2 deficiency resulted in increased expression of vascular adhesion molecule-1, intercellular adhesion molecule-1, and monocyte chemotactic protein-1, which led to increased immune cell adhesion and infiltration into the aortic intima. Moreover, compared with deficiency of glutathione peroxidase 1 or catalase, PRDX2 deficiency showed a severe predisposition to develop atherosclerosis. Chen et al showed that inflammatory stimuli induce the release of oxidized PRDX2, a ubiquitous redox-active intracellular enzyme ([@bb0115]). Once released, the extracellular PRDX2 acts as a redox-dependent inflammatory mediator, triggering macrophages to produce and release TNF-α. The oxidative coupling of glutathione (GSH) to PRDX2 cysteine residues occurs before or during PRDX2 release, a process central to the regulation of immunity ([@bb0895]). Salzano et al identified PRDX2 among the glutathionylated proteins released in vitro by LPS-stimulated macrophages using mass spectrometry proteomic methods. Consistent with being part of an inflammatory cascade, it was found that PRDX2 then induces TNF-α release ([@bb0895]). Importantly, the PRDX2 substrate TRX is also released along with PRDX2, enabling an oxidative cascade that can alter the --SH status of surface proteins and thereby facilitate activation via cytokine and Toll-like receptors ([@bb0895]).

PRDX3 deficiency increased abnormal lipid accumulation in adipose tissue, due to increased ROS. PRDX4 is a secretory antioxidant protein which can be detected in plasma. By virtue of its antioxidant activity, the extracellular PRDX4 can protect the vascular tissue against ROS and hence, it has ability to inhibit the oxidative stress induced inflammation in various tissues and it can also reduce the chances of oxidative stress induced diabetes mellitus in animal models ([@bb0230]). Yamada et al demonstrated that streptozotocin-treated Tg mice, which overexpress hPRDX4 in pancreatic islets, can protect pancreatic beta-cells against streptozotocin-induced injury (insulitis) by suppressing increased oxidative stress and inflammatory signaling activation ([@bb1130]). These observations indicate that Tg mice could become a useful animal model to study the relevance of oxidative stress to inflammation, and that a specific accelerator of PRDX4 might prove to be a potential therapeutic agent for ameliorating various chronic inflammatory diseases. It was also reported that HFD-induced hepatic steatosis and insulin resistance were prevented in PRDX4 transgenic mice by amelioration of oxidative stress ([@bb0230]). They showed that PRDX4 protects against the progression of nonalcoholic steatohepatitis and insulin resistance, particularly in the liver, in a nongenetic mouse model of nonalcoholic fatty liver disease /or type 2 diabetes mellitus. These effects of PRDX4 were achieved by reducing oxidative stress and ameliorating hepatic steatosis, inflammatory reaction, apoptotic activity, and fibrogenesis at systemic as well as local levels.

PRDX6 is also involved in the several inflammatory related diseases. Wang et al showed that PRDX6^-/-^ macrophages oxidized LDL significantly more than did controls and plasma lipid hydroperoxide levels were higher in atherogenic diet-fed PRDX6^-/-^ mice than in controls ([@bb1055]). Recent study showed that increased PRDX6 expression suppresses liver injury induced by free radical-mediated damage via inflammation ([@bb0485]). Likewise, an increased liver injury in PRDX6-knockout mice occurred via increased mitochondrial generation of H~2~O~2~ ([@bb0250]). Our recent study suggested that overexpression of PRDX6 promotes development of RA through activation of NF-κB/AP-1 coupled JNK pathway in the CAIA and AIA-induced arthritis development model ([@bb0505]).

6. Therapeutic approaches of PRDXs for treatment of disease {#s0160}
===========================================================

PRDXs involved in the several disease related signal pathways. Also, PRDXs are involved in inhibiting the cancer development or promoting growth of cancers. So, they can be a potential therapeutic target through targeting these signal pathways.

PRDX1 has breast tumor suppressive role mediated via c-Myc or PTEN pathways. This study provides that tumour suppressive function of PRDX1 and PTEN through understanding the mechanistic details of PRDX1 peroxidase activity and PTEN oxidation. On the other hand, PRDX1 has a tumor promoting effect through NF-kB pathway in Breast cancer, oral cancer and bladder cancer. PRDX1 suppressed FOXO1 induced apoptosis in lung cancer, activates mTOR/p70S6K pathway in esophageal squamous cell carcinoma and upregulates pancreatic cancer invasion by modulating p38 MAPK signaling. So, enhanced expression of PRDX1 through cancer related pathways serves as a useful marker for the prognosis of patients with this disease and PRDX1 may be a promising molecular target for the therapeutic intervention of these cancer types.

PRDX2 promotes colon cancer through upregulation of Wnt/β-catenin pathway, promotes prostate cancer through upregulation of AR activity. So, designing therapeutics targeting PRDX2 may offer a novel strategy for developing treatment for cancer.

Moreover, several studies demonstrated that overexpression of PRDX1 and PRDX2 has an important role in several drug resistances, and several therapeutic agents targeting PRDX1 and PRDX2 are studied for treatment of cancer. He et al showed that PRDX1 knockdown enhances sensitization to β-lap that is an anticancer agent through modulating ROS accumulation and MAPK activation ([@bb0340]). Also, downregulation of PRDX1 by a novel fully human phage display recombinant antibody induces apoptosis and enhances radiation sensitization in lung carcinoma cells ([@bb0310]), indicating that PRDX1 could be targets competing against cancer. The therapeutic agents targeting PRDX1 are studied for treatment of cancer. A recent study demonstrated that theonellasterone, a steroidal metabolite isolated from a Theonellasponge targets the PRDX1 and protects its cysteine over-oxidation induced by H~2~O~2~ both in vitro and in vivo. This suggested that THS can be used as an anticancer agent for several cancers ([@bb0660]). Liu et al also demonstrated that adenanthin, a diterpenoid isolated from the leaves of Rabdosia adenantha inhibits the tumor growth in the mouse acute promyelocytic leukemia mouse model by directly targeting the conserved resolving cysteines of PRDX1 as well as PRDX2 and inhibits their peroxidase activities ([@bb0625]). Hou et al also investigated the effect of adenanthin on HCC cells, and found that the natural agent can kill malignant liver cells in vitro and xenografts through targeting PRDX1 and PRDX2, thus increasing ROS level ([@bb0365]).

Overexpression of PRDX3 has an important role in several drug resistances. The silencing of PRDX3 triggered cisplatin‑mediated apoptosis in ovarian cancer cells through suppression of the NF‑κB signaling pathway ([@bb0240]), suggesting that PRDX3 is involved in drug resistance. PRDX3 also promotes breast cancer through upregulation of cell cycle and cell proliferation, enhances the risk of prostate cancer, thymoma and hepatocellular carcinoma through increased resistance to oxidative stress. Prolonged drug exposure may result in cumulative toxicity. The clinical efficacy of chemotherapy must be enhanced, its attendant toxicity reduced, and resistance overcome. To overcome multidrug resistance in cancer cells, recent chemotherapeutics could be used in combination with other molecules. So, PRDX3 may be a therapeutic target for the combination treatment of several drug resistant cancers.

PRDX4 promotes lung cancer, leukemia, glioblastoma, oral squamous cell carcinoma, cardiovascular disease, hepatic diseases and colorectal carcinoma. PRDX4 is involved in the tumor promoting effect through formation of Srx-PRDX4 via AP-1/MMP-9 and MAPK signaling, and remove cellular ROS which provides a favorable microenvironment for cell proliferation. Prx-4 can be used as an important therapeutic target in this disorder.

PRDX6 promotes lung tumor development via JAK2/STAT3 pathway, its GPx and iPLA2 activities, and is involved in drug resistance of several cancer types, suggesting that PRDX6 can be a therapeutic target for cancer treatment**.** Our recent study suggested that thiacremonone inhibits tumor growth via inhibition of glutathione peroxidase activity of PRDX6 through interaction, suggesting that thiacremonone may have potential beneficial effects in lung cancer ([@bb0455]). These data indicate that PRDX6 could be targets of several cancers and the therapeutic agents for targeting PRDX6 may have potentially beneficial effects in cancer treatment.

PRDXs could be targets for the treatment of neurodegenerative diseases. PRDX1 has a protective role in counteracting Aβ injury by increasing cell viability, preserving neurites, and decreasing cell death ([@bb0185]). These researches provide the neuroprotective function of PRDX1 and understanding the mechanistic details of PRDX1 peroxidase activity in the neurodegenerative diseases.

PRDX2 is involved in neuroprotection via inhibition of Aβ1-42 induced apoptosis and suppression of JNK and p38 pathways, providing the neuroprotective function of PRDX2 and understanding the mechanistic details of PRDX1 peroxidase activity in the neurodegenerative diseases. Also, because cdk5 that inhibits PRDX2 activity leads to increased levels of ROS in PD, cdk5 is used as therapeutic target for treatment of PD. Using novel Cdk5 modulators, Sun et al further showed the mechanism by which Cdk5 can induce oxidative stress in the disease\'s early stage and cell death in the late stage ([@bb0975]). Cdk5 inhibition rescues mitochondrial damage upon neurotoxic insults, thereby revealing Cdk5 as an upstream regulator of mitochondrial dysfunction. As oxidative stress and mitochondrial dysfunction play pivotal roles in promoting neurodegeneration, Cdk5 could be a viable therapeutic target for AD. Zhang et al found that neurotoxin, MPP(+) induces CdK5/p25-dependent phosphorylation of PRDX2, resulting in inhibition of its peroxireductase activity and accumulation of ROS ([@bb1220]). On the other hand, PRDX2 is also involved in neurodegeneration through phosphorylation by cdk2, a serine/threonine kinase, and contributes to PD, providing that PRDX2 can be used for therapeutic target for treatment of PD through targeting this pathway.

PRDX3 is involved in the neuroprotection against oxidative insults in the mitochondria, suggesting that PRDX3 up-regulation might be a useful novel approach for the management of neurodegenerative diseases. On the other hand, PRDX3 is involved in neurodegeneration through increased phosphorylation by LRRK2 mutation, providing therapeutic target in PD patients carrying LRRK2 mutations. PRDX5 is involved in PD through mitochondrial redox signaling with Ca^2 +^ influx resulting in the development of PD ([@bb0200]), also can be used for therapeutic target.

PRDX6 induces neurodegeneration through aiPLA2 and nrf2 activation in AD, and induces neurodegeneration through induction of MPTP-induced dopaminergic neurodegeneration of PD, providing that PRDX6 might be used a useful novel approach for the management of neurodegenerative diseases. On the other hand, PRDX6 inhibits multiple sclerosis by suppressing inflammation and blood brain barrier disruption in EAE model, suggesting a new molecule for neuroprotective therapies in multiple sclerosis.

PRDXs could be targets for the treatment of inflammatory diseases. PRDX2 suppresses atherosclerosis through the site-selective phosphorylation of the PDGF receptor pathways, suggesting upregulation of PRDX2 can be used for treatment of atherosclerosis. Du et al examined the expressions of PRDX2 and Foxo3a that were down-regulated in ischemic brain compared with the normal-control group ([@bb0235]). They showed that the combined treatment of probucol or atorvastatin dramatically reduced the brain water content and the infarct volume, along with the decrease of PRDX2, Foxo3a and Nrf2 was significantly alleviated in combined treatment group. They suggested that probucol combined with atorvastatin effect in the neuroprotection from the damage caused by MCAO through up-regulation of PRDX2, Foxo3a and Nrf2. On the other hand, PRDX2 enhances the risk of RA because PRDX2 is involved in the persistence of pro-inflammatory cells in chronic inflammation, providing PRDX2 can be used as therapeutic target of RA.

PRDX3 inhibits the risk of obesity through decreased abnormal lipid accumulation in adipose tissue, due to increased ROS, suggesting PRDX3 can be used for the treatment of obesity. PRDX4 protects against atherosclerosis and obesity through inhibiting the oxidative stress induced inflammation in various tissues, suggesting up-regulation might be a useful novel approach for the management of atherosclerosis and obesity. But PRDX4 enhances the risk of RA, providing therapeutic target for treatment of RA.

PRDX6 enhances the risk of RA through activation of NF-κB/AP-1 coupled JNK pathway in the CAIA and AIA-induced arthritis development model, suggesting PRDX6 can be used as therapeutic target for treatment of RA. Moreover, several therapeutic agents targeting PRDX6 are studied for treatment of inflammatory diseases. Among them, Epigallocatechin-3-gallate modulates the levels of the antioxidant enzymes PRDX6, catalase and superoxide dismutase (SOD), as well as PCNA, in NOD ([@bb0755]). They showed that the early PCNA elevation was followed by a decline of PRDX6 protein, in contrast EGCG-fed mice exhibited normal levels of PCNA and PRDX6, comparable to healthy untreated BALB/c mice.

In conclusion, we discussed the roles and mechanisms of PRDXs on cellular homeostasis, diseases development and drug resistance, and propose potential therapeutic approaches for targeting PRDXs. We hope this review provides a foundation for further studies to design novel therapeutic approaches targeting PRDXs.
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